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’’Magnetism in Solids” is a subject which continues to draw attention because of its 
technological importance. It is a fascinating area by itself and has some role in virtually 
every branch of Science and Technology. Magnetic, thermodynamic, electron- and magneto- 
transport studies of substitutionally disordered 3d-transitional metal crystalline and amor- 
phous alloys are at the frontline of research in condensed matter physics for the last couple 
of decades. They have thrown real challenges to both experimentalists and theoreticians, 
resulting in varieties of experiments and interpretations. 

Presence of any kind of disorder, namely, site randomness or bond randomness (together 
called quenched disorder) is the source of a frustrated state in any magnetic system in which 
magnetic spins go to a random, yet co-operative frozen state without any long-range spatial 
magnetic order. So in magnetic materials (either crystalline or amorphous), a random mixture 
of ferromagnetic (FM) and anti-ferromagnetic (AFM) bonds having strongly competing in- 
teractions between them, may lead to a diversity of magnetic structures at low temperatures. 
There could be a critical concentration range where FM and AFM exchange contributions to 
the free energy are equal. The ground state in this concentration range may be imagined as 
a spin-glass (SG) state with short-range FM and AFM orders. Far away from critical concen- 
tration a long-range (FM and AFM) magnetic ordering generally sets in (e.g., Fe-Ni, Ni-Mn, 
Fe-Ni-Mn, Fe-Cr, Au-Cr, etc.). 
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There could also be a particular regime near the critical concentration which may ex- 
hibit double magnetic transitions, one at a higher temperature Tc (PM-4FM) and another 
(FM->hIixed Fhl and SG) at a lower temperature T/ These are called mixed or re-entrant 
phase alloys (e.g., Au-Fe, Fe-Cr, Ni-Mn, Al-Fe, Fe-Ni-Mn, Cr-Fe, etc.). Re-entrant tran- 
sition from an AFM state has been observed in FeMgCl 2 and Mn-rich CuMn binary alloys. 
Although in the last couple of years an extensive research had been carried out on this topic, 
the exact nature of the re-entrant transition is still unclear and rather controversial. 

In the light of the mean-field models of Heisenberg (3d vector spins) systems, Gabay and 
Toulouse (GT) theoretically predicted the most plausible nature of magnetic transitions in 
mixed phase alloys. According to them a sequence of three kinds of magnetic transitions 
are possible with decreasing temperature which are (i) PM-4-FM followed by (ii) a transition 
(crossing GT-line) to a mixed phase where FM state coexists with transverse SG ordering and 
(iii) a crossover from weak to strong irreversibility. 

Transport properties, especially the variation of the electrical resistivity with temperature 
in substitutionally disordered crystalline materials (with short electron mean free paths) are 
still of interest because of the lack of a complete understanding of the mechanisms involved 
despite intense theoretical efforts In a disordered metallic alloy, the electrical transport mainly 
depends on kpl, where I is the mean free path and kp the Fermi wave number of the conduction 
electrons. The alloys in the dilute limit generally have kpl 1 and the electronic states 
remain extended (long mean free paths) throughout the sample. It is assumed that in these 
alloys Mathiessen’s rule holds, the various scattering frequencies are additive, and Boltzmann 
transport is still valid. 

However, in the case of alloys in the weak-disorder limit with large values of electrical 
resistivity (with short electron mean free paths and kpl ~ 1 which is the Ioffe - criterion), 
the simple Boltzmann transport breaks down. At very low temperatures quantum interference 
effects become important and as a consequence electron localization and electron - electron 
interactions (many-body effects) give quantum corrections to the Boltzmann conductivity. At 
high temperatures, on the other hand, the deviation from linearity (DFL) of the resistivity 



leads to the so-called "resistivity saturation” and violates the simple Mathiessen’s rule as well 
as the Bloch - Griineisen theory. This happens in the case of many highly resistive materials 
as well as in d-band alloys, with intermediate Tc and rare earth superconductors. Over the 
years, despite a lot of effort to understand this phenomenon theoretically and experimentally, 
a quantitative, microscopic theory is still a distant goal. 

In the case of 3d transition metal alloys, there are additional scattering mechanisms of 
magnetic origin. Some extensive studies of electrical transport have been done on noble metal 
- transition metal alloys (e.g., AuFe, CuMn, AuCr, AuMn, etc.,) in the spin-glass (SG), 
mictomagnetic or cluster-glass and the long-range ferromagnetic (FM) or antiferromagnetic 
(AFM) phases which exist beyond the Kondo or the dilute non-interacting regime. Sufficient 
attempts have been made to find out the nature of impurity scattering due to magnetic ions 
in noble-metal hosts for the entire regime. Despite a number of studies of electrical transport 
in transition metal - transition metal alloys (e.g., CrFe, NiMn, NiMnPt, CrMn, CrMnV, etc.), 
a concrete picture of the magnetic contribution to the resistivity is yet to emerge. 

In a similar way, magnetoresistance (MR) have been studied in various magnetic phases 
and they do show characteristic behaviours. However, the normal magnetoresistance (band 
effect) due to Lorentz force acting on the carriers is superposed on them. In addition to that 
in any disordered material the dominant low-temperature MR contribution comes from the 
destruction of back scattering in weak localization and from electron- electron interaction effects 
(both of them together called quantum interference effect) with the application of an external 
magnetic field. 

In the present investigation we have chosen a particular series of 7-Fe8o-xNixCr2o (14<x<30) 
substitutionally disordered alloys of type-304,308,309 polycrystalline austenitic stainless steel. 
These isostructural (fee structure) alloys are the closest realization of 7-Fe, the nature of the 
ground state of which was highly controversial but later on confirmed to be AFM. These stain- 
less alloys are used for chemical and food processing equipment, recording wire, etc.. Although 
the f.c.c. 7-Fe (AFM) is unstable at room temperature, the f.c.c allotrope could be obtained 
by alloying with Ni and the resulting structure stabilized by the addition of Cr, Mn, V or Cu. 
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They have industrial applications as corrosion-resistant materials. They are also non-toxic 
and non-magnetic and are used in cryogenics, as sophisticated pharmaceutical euipments, and 
as creep-resistive and high-resistance materials. 

It is known that 7 -FeNiCr alloys have competing exchange interactions because of which 
the local spin orientation is expected to depend on its environment. The effective exchange 
interaction can be positive, negative or nearly zero. In the Heisenberg local moment picture, 
the behaviour of the whole sample will be governed by concentration, distribution and the 
strength of the six different possible exchange interactions Jy between the different magnetic 
atoms. As a result, a number of exotic magnetic phases are realized at low temperatures. 

The magnetic phase diagram had been established in 7 -Fe 8 o-xNixCr 2 o (14 < x < 30) 
through dc-magnetization, magnetic neutron scattering and ac-susceptibility measurements. 
Due to the strong competing exchange interaction between different kinds of magnetic atoms, 
this system of alloys undergoes a compositional phase transition from long-range AFM (x = 
10-14) to SG (17-21) to mixed FM and SG (23-26) or re-entrant phase and finally to long- 
range FM (30) order within the same crystallographic j-phase. To our knowledge, so far there 
is no electronic or magnetic band structure calculation in this series of ternary magnetic alloys 
having such wide varieties of magnetic phases. The present investigation might lead to band 
structure calculations. 

The motivation behind the present investigation is to seek answers to many ques- 
tions regarding these substitutionally disordered, highly resistive 7 -Fe-Ni-Cr alloys near the 
critical concentration regime of long-range ordering (either FM or AFM). 


1 . M'hat distinct features does one observe in electronic transport, magneto-transport and 
magnetization when the system undergoes a gradual change from one long-range ordered 
phase (FM) to another (AFM) with intermediate magnetically disordered phases (SG or 
re-entrant SG or mixed FM and SG) by varying the composition but keeping the crystal 
structure the same ? 
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2. At sufficiently high temperatures ( where the contribution to the resistivity from mag- 
netic scattering can be neglected), the deviation from linearity (DFL) of the electrical 
resistivity which might lead to a saturation, gives one an opportunity to investigate 
thoroughly the long-debated phenomenon of resistivity saturation for highly resistive 
crystalline magnetic alloys. Several models or theories have been proposed on the DFL 
of resistivity which ultimately leads to a saturation. In the present work, we have consid- 
ered some of them which are the most appropriate ones to explain this phenomenon and 
tested them rigorously with our observed experimental p(T) data at high temperatures. 
The role of magnetic ordering in the electronic transport has also been examined. 

3. What are the very high-field magnetic responses (xhf) of these wide varieties of magnetic 
phases (FM, mixed, SG and AFM) with strong competing exchange interactions? Also, 
is it possible to find in them distinct functional relationships between magnetization and 
magnetic field ? 

4. How do the electronic transport properties of amorphous alloys (metallic glasses) com- 
pare with those of disordered crystalline alloys ? How do the recent theories of quantum 
interferrence effects, namely, weak localization and electron-electron interaction provide 
the quantum corrections to the Boltzmann conductivity in bulk non-magnetic amorphous 
alloys ? 


This thesis consists of two parts. The subdivisions of the 1st part are : (a) studies of electri- 
cal resitivity, (b) magneto-transport studies (magnetoresistance) and the correlation between 
low-field magnetoresistance and magnetization, and (c) very high-field (up to 20 tesla) mag- 
netization and magnetoresistance studies of Fe 8 o-a:NixCr 2 o (14 < x < 30), substitutionally 
disordered austenitic stainless steel alloys near the critical concentration regime. The sec- 
ond part is an independent chapter by itself where we have presented electrical and thermal 
transport studies of some (Cu/Ni-Zr-Al) Pauli paramagnetic amorphous metallic glass alloys. 



In chapter 2 we give details of sample preparation and their characterization through 
different non-destructive testings. In this chapter we have also described briefly the experi- 
mental techniques, crj’ostat design for low-temperature resistivity measurements, design of 
high-temperature resistivity set up, etc.. In Appendix A a typical software, developed for 
data acquisition through IEEE interfacable measuring instruments (e.g.,DMM, Temperature 
Controller, Constant Current Source, Multichannel Scanner, Lock-in- Amplifier, Gauss-meter, 
Nano- voltmeter, etc.) w'ith PC/AT, has been provided. 

Chapter 3 reports a systematic study of the electrical resistivity on substitutionally dis- 
ordered 7 -Fe 8 o-iNiiCr 2 o (14 < x < 30) austenitic stainless steel alloys in different magnetic 
states in the temperature range of 10 K - 600 K. Rigorous and thorough analysis and in- 
terpretation of the data have been presented. We observe in each alloy, irrespective of its 
low - temperature magnetic state, a strong deviation from linearity (DFL) of p which is an 
indication of resistivity saturation at high temperatures. The temperature coefficient of resis- 
tivity (TCR = p~^j^) vs p curves for all the alloys merge in the temperature range of 100 to 
600 K. This behaviour indicates that both thermal and compositional disorders are equally 
important in determining the resistivity saturation. We have examined several models and 
find that the parallel-resistor and the ion-displacement models are the most appropriate ones 
in explaining this DFL of p at high temperatures. At low temperatures, in the long-range 
ferromagnetic and antiferromagnetic as well as in the mixed-phase regimes, the contribution 
to resistivity from the electron-magnon scattering (~ T^) dominates. In the spin-glass regime 
there is an additional T^ term arising from the electron-phonon s-d scattering. In Appendix B 
and C the different softwares developed for (1) the evaluation of Bloch-Wilson integral using 
DOlAHF NAG-Routine, (2) non-linear least-square fitting programme using the result of the 
above integral and (3) linear interpolation techniques. 

In chapter 4 we have presented the low-field magnetoresistance and magnetization studies 
and their correlations in the Fe-Ni-Cr alloys. The measurements were done in the temperature 
range of 10 to 300 K up to a field of 1.65 tesla. High-field magnetoresistance study of some of 
them has been made in the temperature range of 4.2 to 60 K and up to a field as high as 20 tesla. 



We have found distinct field dependence of magnetoresistance ^(H) in the different magnetic 
phases, namely, spin glass, re-entrant spin glass, ferromagnetic and antiferromagnetic below 
their respective transition temperatures. The negative magnetoresistance (MR) in different 
magnetic states at low temperatures is found to be of magnetic origin. The MR due to 
quantum interference effects of these disordered magnetic alloys are rather small, if present at 
all. 

Chapter 5 contains very high-field magnetization M(H,T) studies up to 19 tesla and down 
to 4.2 K in the Fe-Ni-Cr alloys near the critical concentration regime. Distinct functional rela- 
tionships M(H) have been found in different magnetic phases below their respective transition 
temperatures. In the ferromagnetic (FM) alloy with x = 30, contributions from long - wave- 
length spin - wave and Stoner single-particle excitations have been found in the temperature - 
dependent demagnetization process. In the light of the Rhodes - Wo/iZ/arf/i criterion, this alloy 
is found to be a weak - itinerant FM. For the alloys with x = 26 and 23 (mixed or re - entrant 
phase) the coexistence of long - range FM ordering along with spin - glass (SG) freezing has 
been established supporting the Gabay - Toulouse model. For x = 21 and 19 (SG), the field 
- dependent magnetization (after scaling) falls on a single universal curve which implies the 
same kind of response dynamics of the frozen spins. For the antiferromagnetic (AFM) alloy 
with x = 14, a spin - flop transition has been observed at 1 tesla due to the canting of the 
AFM spins in the strong external magnetic field. The effective moleclar - field coefficients (7^) 
for the 1st and 2nd nearest neighbour as well as the effective - field exchange interaction Ji 
between the ith neighbours inside the different sublattices have been estimated. The long - 
range AFM structure of this alloy is found to be of type 1 . 

In chapter 6 we have presented the electrical and thermal transport studies of Pauli para- 
magnetic (x ~ 10~® emu/mol) Cu/Ni-Zr-Al amorphous metallic glass ribbons. Very high- 
resolution electrical resistivity data have been presented for Zr-rich (Cuo.36‘2^’'o.64)i-xAZa; and 
(Vio5Zro5)i_a;Ai!a; (0 < X < 0.2) non-magnetic transition-metal-based amorphous metallic 
glasses in the temperature range of 1.2 to 300 K at every 50 mK.. All the alloys are found to 
fall into the strong-scattering regime (psoo > 165 cm) with negative temperature coefficient 
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of resistance even till 300 K. With the addition of A1 in both the systems, the value of psoo 
increases because of the enhancement of the degree of disorder. In the low-temperature range, 
all of them show a tendency towards superconductivity with transition temperature Tg < 4.2 
K and large superconducting fluctuations. They are found to be extreme type-II dirty BCS 
superconductors with the electron-phonon coupling constant, A ~ 0.5. The data have been 
analysed in the light of Quantum Interference Effects w’^hich provide the quantum corrections 
to Boltzmann conductivity. A quantitative analysis of the electrical resistivity, based on the 
electron-electron interaction and localization effects, is reported here for all the alloys in the 
temperature range, Tc < T < 300 K. We find three distinct regions, hitherto only theoretically 
predicted -where the conductivity varies in a sequence of VT, T and ^/T at low, intermediate 
and high temperatures, respectively. The only earlier similar observation was made in a ferro- 
magnetic system where the interpretation in terms of quantum interference effects will always 
remain controversial. A number of parameters, namely, the coefficient of the \/T term at 
low temperatures, diffusion constant, density of states at the Fermi level, inelastic mean free 
path and relaxation time, estimated from this quantum correction analysis, are in excellent 
agreement with those from earlier experiments on binary systems. The thermoelectric power 
for all the alloys is positive at 300 K and its dependence on A1 concentration is explained by 
the Mott s-d scattering model. 

In chapter 7 w'e conclude the thesis by summarizing briefly the important results obtained 
from the present investigations. At the end the scope for future work has been spelt out. 
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Chapter 1 


Preamble 


’’Magnetism in Solids” is a subject which continues to draw attention because of its tech- 
nological importance. It also challenges the ingenuity of both experimental and theoretical 
condensed matter physicists. Magnetism is a fascinating subject by itself and has some role 
to play in virtually every branch of Science and Technology. 

Before a few decades, "Magnetism in Solids” was thought to be an orderly subject. In 
spite of having several disputes about the microscopic origin of different types of magnetic 
behaviour at that time, only five basic types of magnetic order were distinguished in the realm 
of magnetism. These are diamagnetism, paramagnetism, ferromagnetism (FM), antiferromag- 
netism (AFM) and ferrimagnetism. It had been established that, apart from closed shell 
diamagnetism and the diamagnetism and paramagnetism of conduction electrons, magnetic 
behaviour comes from permanent, microscopic magnetic moments, possessed by some or all 
the ions in a solid. 

Later on an entirely new kind of theoretical and experimental activity involving (i) amor- 
phous solids, in which no two atomic sites are equivalent and (ii) disordered alloys, in which 
different atoms occupy randomly the sites of a regular crystal lattice, created a lot of excite- 
ment in the domain of ’’Magnetism in Solids”. The subject has since then expanded from 
the original five types of magnetic behaviour to many more types, namely, mictomagnetic. 
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aspcromagnetic, sperimagnetic, metamagnetic, spin glass, cluster glass, superparamagnetic, 
etc.. 

Magnetic systems with competing interactions were first investigated four decades ago. 
Well known examples include the Ising model on the triangular lattice with AFM n.n. inter- 
actions studied by Wanmer in 1950. Helical structure was discovered in the Heisenberg model 
with n.n. interactions independently by Yoshimori and Villain in 1959. However, extensive 
investigations in magnetic systems with competing interactions have really started with the 
concept of frustration introduced almost at the same time by Toulouse and Villain in 1977 
in the context of spin glasses. Frustration was initially defined for Ising spin systems. It was 
later generalised to vector (Heisenberg) spin systems. Frustration is caused by competition of 
different kinds of interactions and / or by lattice geometry. In the case of frustrated vector spin 
systems, the ground state configuration is usually non-collinear. The ground state properties 
(degeneracy and symmetry) give rise to spectacular, and often unexpected behaviour at finite 
temperatures and are not yet well understood. 


1.1 Frustrated spin system — spin glass 


Most physical systems in condensed matter are frustrated in the sense that there usually exists 
several competing interactions, each favoring a different type of ordered state[l]. Such com- 
petition can often be revealed by changing a macroscopic parameter of the system (such as 
temperature, pressure, magnetic field, etc.) which serves to enhance the effect of a particular 
interaction and drives the system into a different ordered state. A number of examples can 
be cited for frustrating systems, namely, triangular lattice with AFM nearest neighbour in- 
teraction appearing to be the simplest example of frustration caused by lattice- geonietry, spin 
glasses with frustrating bonds, etc. In frustrated systems, local minimization of energy is not 
compatible with global energy minimum (or minima). 
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Figure 1.1: (a) A triangular lattice and (b) a rectangular plaquette of magnetic ions 
having up- or down-spin illustrate ’’frustration” (where no arrangement can satisfy 
all the microscopic constraints). 


1.1.1 What is a spin glass ? 

Generally speaking, spin glass is a new magnetic state of a system where the spins of the 
magnetic ions (impurities) become locked or ’’frozen” into random orientations below a char- 
acteristics temperature, Tsg, known as the spin - glass transition temperature. 

To understand the frozen configuration let us imagine a triangular lattice or a rectangular 
plaquette (Figs. 1.1 (a) and (b)), each vertices of which are occupied by a magnetic spin. 

f 

If the exchange parameter J between any two spins could be both positive and negative 
there is no arrangement that satisfies all the microscopic constraints. The system is thus 
frustrated. With such a simple picture one can visualize the ground or frozen state (T=0 K) 
of a spin glass. Its basic ingredients are randomness (here it is the site occupancy), mixed 
interactions, and frustration (many possible ground state configurations). So, we may define 
a spin glass as a random, mixed-interacting, magnetic system characterized by a random, 
yet co-operative freezing of spins at a well-defined temperature Tsg below which a highly 
irreversible, frozen state occurs without any long-range spatial magnetic order. 
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Figure 1.2: A frozen spin glass with 
Ji >0 (ferromagnetic) and J 2 <0 (an- 
tiferromagnetic). The zig-zag links in- 
dicate a broken bond; the spin at the 
heavy circle is frustrated. 



Figure 1.3: The RKKY interaction J(r) 
between two magnetic impurities in a 
metal as a function of their separation 
r. 


Figure 1.2 depicts a frozen spin glass with Ji > 0 (first nearest neighbour interaction is 
ferromagnetic) and J 2 < 0 (second nearest neighbour interaction is antiferromagnetic). The 
zig-zag links indicate a broken bond and the spin at the heavy circle is frustrated. 

How to introduce randomness ? 

Randomness in any system can be introduced mainly in two ways, namely, (i) site randomness 
and (ii) bond randomness. 


(i) Site randomness : 

In noble metal hosts like Au or Cu, when transition metals with 3d-electrons like Fe or Mn 
are substituted one encounters first the Kondo or non-interacting regime, where the 3d- 
electrons of the magnetic ions interact antiferromagnetically with the conduction electrons. 
At low temperatures, the extremely dilute (isolated) magnetic ions become non-magnetic 
and enhances the electron scattering cross section giving rise to resistivity minima. With the 
addition of more magnetic ions in the noble metal matrix, the magnetic ions, via the conduction 
electrons, start interacting through the RKKY indirect exchange [Jrj{r,j) ~ whose 

magnitude and sign depend on the distance between the magnetic ions as shown in Fig.1.3. 
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Figure 1.4: An amorphous spin glass 
for which the disordered lattice sites are 
50% occupied by magnetic moments. 



Figure 1.5: A random-bond spin glass 
where - implies FM coupling and - - 
implies AFM coupling. The number of 
FM bonds is equal to the number of 
AFM ones [ref.3]. 


Beyond a cettain concentration of magnetic impurities, a good moment is stabilized and 
the canonical spin-glass (the name is due to B. R. Coles) phase is formed. Site substitution 
of magnetic solute for non-magnetic solvent occurs completely randomly (without any short- 
range order). Here the random-site occupancy introduces randomness in the alloy. 

Figure 1.4 shows an amorphous spin glass, a typical example of site randomness. AuFe(l-10 
at. % Fe), CuMn(l-10 at. % Mn), AuCr, AgMn, EuxSri-xS (a semiconductor), Lai-xGdxAl 2 
(a metal), etc., a plethora of systems have made spin glasses a general and a rather common 
type of magnetic ordering. 


(ii) Bond randomnes : 

Now let us assume that the magnetic interaction is only between nearest neighbours (short 
range) and imagine that this single coupling J alternates randomly in sign with ± Jjj values 
as we move through a lattice. Thus there are only parallel or anti-parallel bonds as illustrated 
by dash or zig-zag in Fig.1.5. This is a random-bond type of system and it was only recently 
unearthed in real materials (e.g., Rb 2 Cui_a;CoxF 4 and Fei-jcMniTiOa). 
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So, in a nutshell : there must be frozen disorder in the constitution of a spin glass, either 
site randomness or bond randomness and these together are called quenched disorder. 

In the frozen state of a spin glass below TsG: irreversible magnetic effects, non-exponential 
relaxation of time-dependent magnetic properties, broken ergodicity are some of the salient 
features. The frozen spin states are the consequence of the existence of multivalleys (a number 
of local minima) in the phase space - free energy domain. If the energy barrier between the 
free energj' multivalley becomes infinite then 

< quantity ip measured by experiment >t ‘4^ ^unrestricted ensemble 

The above inequality is a consequence of the fact that the measuring time scale {rexp) 
the maximum time for the frozen system to be in one of its local free energy minima (rmax)- 
Moreover, as N (number of spins) — > oo, Tmax oo. Binder and Young[2] and Mydosh[3] have 
given complete reviews of spin glasses. 

From literature survey it is clear that the experiments on spin glasses could be broadly 
divided into two classes, one of them exhibits sharp anomaly at Tsg while the other shows a 
smeared behaviour around Tsg- Figures 1.6 (a)-(c) show the various experimental results on 

spin glasses. These are the manifestations of the irreversible effects, time-dependent magnetic 
properties and the effect of measurement time on the spin freezing. Figure 1.6 (d) shows the 
simplified illustration of magnetic spins at different times in various magnetic phases at T=0. 

Sharp Anomaly : 

(1) Sharp cusp in low-field magnetic susceptibility (xac) at T5 g[ 2], (2) Irreversible magnetic 
behaviour below Ts-g, a large magnetic after-effect and an increase in the coercive force and 
remanent magnetization on cooling below T5 g[ 2], shift of magnetization curve along the H- 
axis with small hysteresis[4], (3) Splitting in Mossbauer spectra indicating the presence of 
static hyperfine fields below T^g, (4) pSR depolarization, (5) Anomalous Hall effect, (6) 
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Figure 1.6; (a) Reversible and irreversible magnetization vs temperature for a spin 
glass, (b) Time-dependent magnetization of a spin glass, (c) Frequency - depen- 
dent ac-susceptibility vs temperature of a spin glass, (d) Simplified illustration of 
magnetic spins at different times in various magnetic phases at T=0. 
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Negative magnetoresistance oc — iy^)[5], and (7) Logarithmic (slow) time dependence of 
magnetization (magnetic viscosity) given by M = Mo — S Int. 

Smeared behaviour : 

(1) Resistivity[3], (2) Specific heat[6], (3) Thermo power, (4) NMR, and (5) Ultrasonic 
velocity. 

In 1975 Edwards and Anderson had proposed a model introducing an order parameter q, 
defined as 


Q ^ (IT) 

which shows a time-dependent correlation of individual spins at a particular site. The spin- 
glass phase is different from the PM and the FM phases in the following way : 

PM SG FM 

9 = 0 q 97^0 

=< Sj >= 0 m =< 5t >= 0 m =< St 0 

Edwards and Anderson proposed a Hamiltonian 


n = -EtjJtjStS, - EtHtSt 


( 1 . 2 ) 


for the SG introducing disorder by suitable distribution 


PiJi)) = [ 27 r(AJ,j)^] ^^exp 


{Jtj Jij) 


2 1 


2{AJt,y 


(1.3) 


The Sherrington-Kirkpatrick (SK) model is the infinite range version of the Edwards- 
Anderson model, assuming that the same distribution P(J„) holds for any pair of spins irre- 
spective of their distance. Later on a lot of other theoretical treatments, namely, Thouless- 
Anderson-Palmer (TAP) approach[7], Parisi’s replica symmetry-broken solution of the SK 

model[8j, droplet model[9], fractal-cluster model[10], etc. have also attracted considerable 
attention. 
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Jn recent times the mathematics involved in the above models of spin glasses are being exten- 
sively used in models for biological evolutionfll], neural-network computations [12], polymers, 
etc. 


1.2 Frustrated spin system - Reentrant spin glass (mix 
-ed phase) 

The introduction of random disorder in a magnetic system can generate frustration via a 
competition between FM and AFM exchange couplings. Theoretically it can be shown that 
in a FM with weak random frustration, the Curie temperature, Tc, decreases with increasing 
disorder up to a certain level where the random bond frustration is so strong that the system 
cannot accomodate a percolating FM ground state. However, such strongly disordered tuned 
system often exhibits a spin-glass transition : the spins freeze cooperatively in a non-trivial 
pattern that is random in space with no delta function magnetic Bragg peak[2, 13-15]. 

As mentioned in the earlier section, with the increase of magnetic impurity (Fe, Mn etc. 
(1-10%)) beyond the Kondo regime in a noble-metal host (Au, Cu, etc.) the system moves 
towards the canonical spin-glass regime with randomly frozen spins below Tsg- With further 
increase (10-15%) in the concentration of magnetic impurities there is a greater chance that 
any of them could become the 1st or the 2nd nearest neighbour of any other impurity. Conse- 
quently, there is a short-range RKKY like interaction which can strongly couple neighbouring 
impurities ferromagnetically or antiferromagnetically depending upon the particular magnetic 
element involved and their positions. Accordingly, magnetic clusters can form as a result of 
concentration fluctuations in a random alloy. This is called mictomagnetic or cluster-glass 
phase of the system where the magnetic behaviour is dominated by such clusters. As the 
concentration increases further, the size of such clusters increases and beyond a percolation 
threshold of inflnite FM clusters, a long-range order generally sets in. However, very near to 
the percolation threshold for long-range FM ordering a strange situation is encountered. The 
spin-glass ordering does not simply disappear but continues to the FM phase. There have been 
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Figure 1.7: Gaussian distribution of exchange integrals according 
to the idea of Sherrington and Kirkpatrick [26]. 


a lot of experimental reviews[16-18, 20, 46] where it has been found that all these classes of 
systems show double magnetic transition [e.g., Au 82 Fei 8 , FeAl, PdMn, NiMn, FeNiMn, etc.]. 

At high temperatures such a system is in a PM phase and as the temperature is lowered 
to Tc or Ttv (Neel temperature), the system enters a FM or an AFM phase where long-range 
order exists. As the temperature is lowered further the system, below a certain temperature, 
enters a new phase which is called the ’’re-entrant phase” or mixed phase. 

The terminology re-entrant spin glass” is somewhat misleading since the system does not 
re-enter a spin-glass phase at low temperatures. It was a paramagnet, and not an SG at higher 
temperatures. However, the system does re-enter a state which is magnetically less ordered at 
low temperatures, viz, the spin-glass phase. The above sequence of phase transitions implies 
that the SG phase has the lowest energy while the FM phase has more entropy which is rather 
counterintuitive. This is probably the main motivation behind the research efforts devoted to 
understand the problem of re-entrant spin glasses over the last decade. 
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A number of recent experimental investigations, namely, magnetization and Xac[21], neu- 
tron diffraction [22], neutron depolarization[23], Mossbauer spectroscopy [24], ^iSR experiments 
[25], etc. have thrown lot of light on this long-debated re-entrant SG phase. 

Theoretically, the Sherrington-Kirkpatrick (SK) model, taking infinite range Ising inter- 
action into account (in the concentrated range) and employing Edwards- Anderson mean-field 
Hamiltonian (H) and Gaussian probability distribution of random variables (Jtj), can success- 
fully predict the double magnetic transition. In Fig.1.7, the Gaussian distribution of exchange 
integrals, according to the idea of Sherrington and Kirkpatrick [26], is shown. 

However, the original SK solution of the model suffers from the following serious drawbacks: 

1. The solution of it gives a negative entropy at sufficiently low temperatures. 

2. The solution obtained does not correspond to a minimum of the free energy though it 
is an extremum. 

3. In real systems there is no infinite range exchange interactions represented by the con- 
stant (as assumed in the SK model). 

Gabay and Toulouse[27] (GT) have theoretically shown that the co-existence of SG and 
FM orderings is possible below the second transition within the framework of the SK model 
with m-component spins. They used the usual replica trick and found that for m 7^ 1, there 
are two mixed phases Mi and M 2 in the transition region from the SG to the FM order. The 
phase diagram obtained by Gabay and Toulouse is shown in Fig.1.8. 

In the infinite range model the position of the ferromagnetic (FM) to the mixed phase 
(Ml) transition line Ti(Jo), in the vicinity of the multicritical point, is given by 

l-T, /or J„>1 (1.4) 

2 m - 1 - 2 

where Jq is the mean value of the Gaussian probability distribution. For large Jq, Ti vanishes 
asymptotically. 

The mixed phase M2 has the same co-existence of orderings as the phase Mi and in addition 
has the spontaneous breaking of replica symmetry. For general m, the transition line between 
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Figure 1.8: Magnetic phase diagram for vector spins interacting 
with infinite-range Gaussian distribution in the T - Jo plane ac- 
cording to de Almeida and Thouless (AT) and Gabay and Toulouse 
(GT). Ml and M 2 represent mixed magnetic phases of the re-entry 
transition. 

the two mixed phases Mi and M 2 , defined by T = T 2 (Jo), behaves in the vicinity of the 
multicritical point according to 

1 - r, > 1. ( 15 ) 

Later, Gragg, Sherrington and Gabay[28] contradicted the above result for vector spin 
glass in a magnetic field because replica symmetry breaking occured simultaneously with the 
trans\erse spin-glass-like ordering although the longitudinal irreversibility was weaker than 
the transveise irreversibility and a crossover to strong irreversibility took place at a lower 
temperature. Later on the demarkation line between the FM and Mi phases was named the 
GT-line and that between Mi and M 2 phases the AT-line (De Almeida-Thouless). At the 1st 
transition temperature T^r (Mi), the transverse SG order parameter becomes non-zero but 
the phase remains replica symmetric. Below T^x there is a cross over to strong irreversibility 
due to replica symmetry breaking. This transition is identical to the AT-line for the Ising 
case[29]. In the Ising limit, the GT-line disappears since there are no transverse degrees of 
freedom and the AT-line reduces to that for the SK model. 
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From the results of several experiments it is strongly suggested that a large number of 
FM’s exhibiting RSG behaviour display a spin-freezing of the transverse spin component 
perpendicular to the direction of the intradomain magnetization established at T=Tc. Such a 
behaviour is compatible with the predictions of the mean-field-theory for 3d-Heisenberg spin 
glasses (GT-model). 

However, further work on both theoretical and experimental fronts is needed to confirm 
the kind of magnetization that exists in the so-called re-entrant or mixed phase system. Sug- 
gestions of mixed phase were proposed even before Gabay and Toulouse[27] by Villian[30] who 
termed it as a semi-spin glass and Mookerjee[31] who named it as a canted random FM. A 
model proposed by Van enter and Van Hemmen suggests that the competition between the 
FM nearest neighbour interaction and the long-range AFM interaction leads to spin-canting 
at a temperature lower than the FM transition temperature. 


1.3 Studies of 3d-transition metal alloys 

1.3.1 Magnetism 

Magnetism of 3d transition metal alloys is still of great interest because no unique theory has 
emerged which could explain by and large all experimental results. None of the two extreme 
models, namely, the Heisenberg theory of localized spins and the Stoner’s itinerant electron 
model are successful in that sense. A lot of effort[32, 33] has been put in to find an unified 
theoretical model making a compromise between these two extreme ones. 

In recent years, there have been a lot of theoretical effort to understand the nature of 
magnetism and the magnetic band structure of 3d transition metals and their binary alloys. 
A number of approaches and techniques have been employed, namely, local density approx- 
imation (LDA), coherent potential approximation (CPA) and cluster coherent potential ap- 
proximation (CCPA) with Korringa, Kohn and Rostoker (KKR) formalism, local-spin-density 
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calculation (LSD), linear muffin-tin orbital (LMTO), fixed-spin-moment (FSM), finite temper- 
ature theory of local environment effect (LEE) on Fe-Co binary alloys[34], density functional 
theory (DFT)[35], etc.. The local density calculation, taking into account all effects of electron 
exchange and correlation, correctly describes itinerant magnetism of 3d transition metals and 
alloys with non— integral values of spins. Electronic and magnetic band structure calculations 
for itinerant systems have become very promising. 

No real system behaves exactly like either of the above two models. Magnetism in 3d 
transition metals and alloys is itinerant, but it does have some aspects of localization[36]. 
The orbital moment does not vanish completely in these systems. It has been found from 
different experiments[37] that not all 3d-3d alloys follow the Slater-Pauling curve (e.g., Ni-Cr, 
Ni-V, etc. alloys) which is mainly because of the formation of virtual bound states above the 
Fermi level as suggested by Friedel[38]. These are due to the presence of strong perturbations 
around the impurities (e.g., Cr or V in Ni host) resulting in splitting up of an impurity state 
above the Fermi level. Neutron scattering experiments in a series of Ni-based alloys[39] have 
demonstrated the correctness of Friedel’s prediction of strong magnetic disturbances associated 
with impurities of transition metals. Low and Collins[39] first found that around Fe and Mn 
impurities in Ni matrix the moment disturbances are effectively confined to the solute atom 
site, whereas V or Cr impurities markedly reduce the magnetic moment on neighbouring Ni 
atoms. 

In magnetic materials (either crystalline or amorphous), a random mixture of ferromag- 
netic (FM) and antiferromagnetic (AFM) bonds having strongly competing interactions be- 
tween them (in Heisenberg picture), may lead to a diversity of magnetic structures at low 
temperatures. There could be a critical concentration range where FM and AFM exchange 
contributions to the free energy are equal. The ground state in this concentration range may 
be imagined as a spin-glass (SG) state with short-range FM and AFM orders. In recent years 
attempts have been made to go beyond the mean-field approximation and develop a theory of 
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spin glass with a finite range of interaction [40]. Far away from critical concentration a long- 
range (FM and AFM) magnetic ordering generally sets in (e.g., Fe-Ni, Ni-Mn, Fe-Ni-Mn, 
Fe-Cr, Au-Cr, etc ). 

In the vicinity of a multicritical point, there is a subtle interplay between the long-range 
magnetic ordering and the randomness of the SG state. There could also be a particular regime 
near the critical concentration which may exhibit double magnetic transitions, one at a higher 
temperature Tc (PM— )-FM) and another (FM->Mixed FM and SG) at a lower temperature T/. 
These are called mixed or re-entrant phase alloys (e.g., Au-Fe, Fe-Cr, Ni-Mn, Al-Fe, Fe-Ni- 
Mn, Cr-Fe, etc.). Re-entrant transition from an AFM state has been observed in FeMgCl 2 
and Mn-rich CuMn binary alloys[41, 42]. The existence of sequential (double) magnetic 
phase transitions in FM’s with substantial degree of exchange bond disorder continues to 
be a topic of considerable interest. During the last decade, re-entrant SG transitions have 
been investigated extensively both theoretically[2, 27, 30] and experimentally[43-48] by means 
of different techniques including not only the bulk magnetic measurements but also other 
methods probing the magnetic structure on a microscopic scale (e.g., small-angle neutron 
scattering and neutron depolarization studies[49, 50], Mdssbauer studies[51, 52], electron spin 
resonance, (j,SR, etc.). However, the exact nature of the re-entrant transition is still unclear 
and highly controversial because of several debatable questions like : 

What is the nature of magnetization in the so-called FM phase (T/<T<Tc) for this kind of 
alloys ? What happens to it in the re-entrant or mixed phase (T<T/)? Does the long-range 
FM ordering coexist with the SG ordering or is it a pure SG phase due to random freezing of 
spins at a temperature T<T/ ? What are the physical origins of the field and temperature 
dependence of the bulk magnetization M(T,H) near and below T/ ? 

In the light of the mean-field models of Heisenberg (3d vector spins) systems, Gabay and 
Toulouse[27] (GT) theoretically predicted the most plausible nature of magnetic transitions 
in mixed phase alloys. According to them, a sequence of three kinds of magnetic transitions 
are possible with decreasing temperature which are (i) PM->FM followed by (ii) a transition 
(crossing GT-line) to a mixed phase where FM state coexists with transverse SG ordering 
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(say, in x-y plane) because of the random freezing of spins and a longitudinal long-range 
FM ordeiing with spontaneous magnetization in the direction of broken symmetry (say, z- 
axis) and (iii) a crossover from weak to strong irreversibility (crossing the AT-line). Magnetic 
phase diagrams of such systems ( (Pdi_yFey)i_xMnx[53], AuFe[43], Fe-Cr, Ni-Mn, EuSri_xSx, 
Fe-Ni-Mn[44], etc ) exhibit features which bear resemblance, atleast superficially, to the 
prediction of the vector-mean-field model proposed by Gabay and Toulouse. 

However, no rigorous experimentally accessible criterion is currently available for assessing 
the genuine cooperative nature of the mixed phase transitions. Moreover, recently there are 
some repoits on intermetallic compounds CeFe2[54, 55], UCu2Ge2[56], etc. which reveal that 
all these systems undergo transitions from a long-range FM state at a higher temperature 
to an AFM state at a lower temperature via a canted phase. They show almost the same 
features as the so-called re-entrant or mixed phase systems. The interpretation of such types 
of magnetic phase transitions is sought within the model put forward by Morya and Usami[57] 
for Itinerant system of electrons with strong correlation. 


1.3.2 Electrical transport - Resistivity : 

Transport properties, specially the variation of electrical resistivity with temperature in sub- 
stitutionally highly disordered crystalline materials (with short electron mean free path) are 
still of interest because of the lack of complete understanding of the mechanisms involved de- 
spite intense theoretical efforts. In a disordered metallic alloy, the electrical transport mainly 
depends on kyl, where I is the mean free path and is the Fermi wave vector of the conduc- 
tion electrons. The alloys in the dilute limit generally have kpl > 1 and the electronic states 
still remain extended (long mean free path) throughout the sample[58]. It is assumed that in 

these alloys Mathiessen’s rule holds, the various scattering frequencies are additive and the 
Boltzmann transport is still valid. 

However, in the case of alloys in the weak-disorder limit with large values of electrical 
resistivities (with short electron mean free path and kpl ~ 1 which is the Ioffe - Regel[59] 
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criterion), the simple Boltzmann transport breaks down . The proposed universal Mooij cor- 
relation[bQi\ has become almost a rule for these kinds of highly resistive crystalline or amorphous 
materials, though large discrepancies are found in some cases. According to Mooij, the cor- 
relation between the temperature coefficient of resistance (TCR) and the resistivity at room 
temperature (prt), the deviation from linearity (DFL) of resistivity at high temperatures and 
the resistivity minimum at low temperatures must have a common origin. At very low tem- 
peratures the quantum interference effects become important and as a consequence electron 
localization and electron - electron interaction (many-body effects) give quantum corrections 
to the conductivity of highly resistive materials[61]. At high temperatures, the deviation from 
linearity (DFL) of the resistivity leads to the so-called ’’resistivity saturation” and violates 
the simple Mathiessen’s rule as well as the Bloch - Griineisen theory. This happens in the 
case of many highly resistive (weak-disorder limit) materials[62, 63] as well as in intermedi- 
ate Tc, d-band alloys (e.g., NbsGe, NbaSn, NbsAl, etc.) and rare earth superconductors[64, 
65] (e.g., Y 5 _xDyxOs 4 Geio, Sc 5 _xDyxIr 4 Siio, etc.). Over the years, despite lot of efforts been 
put to understand this phenomenon theoretically [66-72] and experimentally[62-65, 73-75], a 
quantitative , microscopic theory is still far from being developed. 


In the case of disordered magnetic materials (specially the 3d transition metal alloys) the 
situation is much more difficult. Detailed quantitative study of concentrated magnetic systems 
is still not common. Electronic transport of magnetic alloys is very difficult to interpret 
because of the possibility of involvement of several scattering mechanisms compared to the 
case of simple metals. However, there are some extensive studies of electrical transport on 
noble metal - transition metal alloys, e.g., AuFe[76], CuMn[42], AuCr, AuMn, etc., in the 
spin-glass (SG), mictomagnetic or cluster - glass and in the long-range ferromagnetic (FM) or 
antiferromagnetic ( AFM) phases beyond the Kondo or dilute non-interacting regime. Sufficient 
attempts had been made to find out the nature of impurity scattering due to magnetic ions in 
noble-metal host for the entire regime. Despite a number of studies of electrical transport in 
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transition metal - transition metal alloys (e.g., CrFe, NiMn[77], NiMnPt[78], CrMn, CrMnV, 
etc.), a concrete picture of the magnetic contribution to the resistivity is yet to emerge. 

Theory of electrical resistivity 


It is very difficult to provide an exact theoretical description of the temperature depen- 
dence of resistivity of the alloys under investigation due to the following reasons. First of all, 
no theory has been developed so far which can describe the band structure as well as the spin 
structure of these kinds of 3d transition metal alloys. Moreover, a complete theory of disor- 
dered ternary alloys containing 3d transition metals is still awaited. In concentrated disordered 
magnetic alloys, the electron transport is much more difficult to understand because of the 
involvement of a large number of complicated scattering mechanisms and hence the validity of 
Matthiessen’s rule as well as the theory of classical Boltmann transport could be questioned. 
In the case of simple metals and alloys in the dilute limit where the Boltzmann transport is 
■valid, generally in addition to the temperature - independent static disorder residual resis- 
tivity (po ) contribution from impurity scattering, a major contribution to the temperature 
dependence of resistivity comes from the electron - phonon scattering. The well-known Bloch 

- Gruneisen formula[79] was developed to account for this electron - phonon interaction and 
is given by 



z^dz 

(e--l)(l_e-) ’ 


(1.6) 


where A is a temperature - independent constant and is the Debye temperature. At very 

low (T < ©D ) and high (T > ©q) temperatures this electron - phonon scattering contribution 

[Pe-p] goes as T5 and T, respectively which have been observed in many metals and alloys[80 
81]. 


In 3d transition metals and alloys the situation is not as simple. The scattering of the 
conduction s-electrons by phonons and the interaction with magnetic spin systems (spin- 
disorder resistivity) are the main sources of the temperature dependence of resistivity [79-81]. 
Generally, in both these cases the scattering may take place within a single band (s-s) or may 
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involve s-d transitions. One of the earliest proposals to account for the resistivity variation 
with temperature of the transition metals due to electron - phonon scattering, in the presence 
of s-d interaction, was made by Wilson[82] and is given by 




z^dz 


(e^ — 1)(1 — e~^) ’ 

which goes as at low temperatures and as T above ©d- Thus, the temperature exponent at 
low temperatures can be expected to vary from 3 to 5 for the transition metals depending on 
the shapes and locations of the Fermi surface of the s and d bands. The exponent was found 
in various transition elements[83] to lie between 2.0 to 5.3. 

Turov[84], Kasuya[85, 86], Mannari[87] and Goodings[88] had shown that the spin- wave 
treatment in the presence of s-s and s-d interactions can lead to a T^ contribution to the 
spin-disorder resistivity (pmag) at low temperatures for ferromagnetic metals. Based on the 
spin-wave dispersion relation Eq = , Kasuya gave an expression for the spin-disorder 

resistivity 


Pmagi ) ^ {kj-VJ ’ 

where Qg-d is a parameter which describes the strength of the s-d interaction, g the Lande 
g factor, j the total quantum number of each magnetic atom, Ep the Fermi energy of the 
conduction electrons, V the spin- wave stiffness constant and V and Af are the volume and the 
number of atoms in the crystal, respectively. Exactly the same kind of result was obtained 
using a slightly different method by Mannari[87]. He estimated Pmag for Ni and found excellent 
agreement with the experimental results obtained by White and Woods[83] for the case of Fe, 
Co, and Ni (where p = (13 - 16) x 10“® T^ fj,Q. cm) in the low - temperature range. 

Besides these, another source of electrical resistance in transition metals and alloys arises 
from the collisions of the s-electrons with the charge fluctuations of the itinerant d-electrons. 
Here a T^ dependent contribution, non-magnetic in origin, may appear in resistivity in the 
low temperature range as predicted by Baber[89, 90]. 

In any highly resistive alloys, the high temperature DFL of resistivity, which is the signature 
of resistivity saturation[9l], is an interesting topic to focus on. Cote and Meisel[66] proposed 
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a model wliich is referred to as the "phonon-ineffectiveness” model to interpret this downward 
DFL of resistivity in the case of highly resistive materials at high temperatures. This was based 
on the assumption that the electrons with very small mean free paths I effectively exclude long- 
wavelength phonons from contributing to the electron-phonon scattering at high temperatures 
The effects of such lower cut-off of the wavenumber were evaluated and considering only the 
phonons with wa^'enumbe^ between 2Tt j I and Qd, they obtained a limiting resistivity when the 
electron mean free path I is of the order of the inter-atomic spacing. Taking the Debye- Waller 
factor to be 1, the electrical resistivity is given by 


p{T) = p{0) + 


pjTY 

Pd ■ 


CT , 


(1.9) 


w'here p(0) is the measured residual resistivity and p^ is the saturation resistivity corresponding 
to I = l-K I P d and C is a constant. Here q^) is the lower cut off of the phonon wave number. 

Fisk and Webb[62] observed experimentally this kind of DFL of resistivity in low Tc, A-15 
superconductors (e.g., NbaSn, NbsSb, etc.). They, for the first time, used the term ’’resistivity 
saturation’’ in the case of highly resistive materials (50 — 150 p£L cm) and interpreted this 
phenomenon qualitatively in terms of attainability of the electron mean free path I of its 
lowest possible value in the weak-disorder limit. This can be of the order of the interatomic 
spacing ’a’ of the material (Z ~ a), according to the Mott[92] and Ioffe - Regel cntena[b9] 
(kpZ ~ 1). 

The most widely accepted model for the phenomenon of resistivity saturation in high- 
resistivity materials is the empirical ’’parallel-resistor” or ’’shunt-resistor” model first proposed 
by Wiesmann et al.[63]. They argued that in a disordered material, in addition to the usual 
Boltzmann conduction channel, there is an extra non-classical channel and these two act in 
parallel. 
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The total resistivity p (T) is given by 

1 _ 1 1 
P(T) Ptdeal{T) Psat ’ 

where 


Ptdeal(T^ Pideali,^') "h PphiT') , 


( 1 . 10 ) 


( 1 . 11 ) 


and 


Pideali^) — 


p{.^^Psat 
psat P(0) 


( 1 . 12 ) 


Here psat is the maximum limiting resistivity which is assumed to be independent of tem- 
perature and p (0) is the measured residual resistivity at T = 0 K. The Pph(T) term is 
due to the electron-phonon interaction, the form of which can be assumed to be either the 
Bloch-Gruneisen[79] [Eq.(1.6)] or Bloch-Wilson [Eq.(1.7)] depending upon the behaviour of 
the system at low temperatures (T ©d )• Irrespective of the form chosen above, both of 
them vary linearly with temperature (~ T) at high temperatures (T> ©o)- Several theories 
have thereafter appeared which tried to understand the physical origin of such a phenomen- 
logical shunt-resistor model. Among them the work by Allen et al.[67, 68], Gurvitch[70, 71], 
and Laughlin[69] can be cited. Gurvitch argued that the statistical distribution of relaxation 
times must have a lower cutoff (to) and averaging over such a distribution had resulted in the 
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parallel-resistor model (Eq.(l 10)) considering the Ioffe-Regel[59] criterion. Gurvitch[71] had 
shown that for different high resistivity metallic systems which show resistivity saturation, 
the loffe-Regel parameter (kp/) lies between 3 and 6 instead of 1 if one assumes {I ~ a). In 
addition to that, the conductivities at saturation (usat ) of these alloys are much higher (10-30 
times) as compared to the Mott's[92] mimmum metalhc conductivity (cTnun = 0.026 f h 
a) as seen in many metallic systems (e.g., metal-oxides) closer to the metal - insulator (M-I) 
transition and the relation is given by 

(^sai = {STC^nf/^a^armn , (1.13) 

where n is the density of electrons at the Fermi level and ’a’ is the interatomic spacing. 

Recently Ron[93] et al. have suggested an entirely different kind of model considering 
the effects of displaced ions on the conduction electrons to describe the DFL of resistivity at 
high temperatures. They have shown that the phenomenon of resistivity saturation can arise 
from the fact that the average ion displacement, at high enough temperatures, can exceed the 
wavelength of the electronic wavefunctions, while being still much smaller than the interatomic 
spacing. In this model, the electronic wavefunctions are extended, but may have short-length 
oscillations. Also, even in the dilute regime (kpZ » 1), saturation sets in long before the Ioffe 
- Regel[^9] criterion comes into play. They obtained an expression for resistivity of the form 

P{T) = Pm ~DTq expj - ^ , (1 14) 

where To is a characteristic temperature, D a constant and p,. is the saturation resistivity. 
This model is especially suitable for the transition metals whose orbitals possess a large number 

of lobes, namely, the distance between the zeroes of the wavefunction is considerably smaller 
than the interatomic spacing. 

1.3.3 Magneto-transport — Magnetoresistance : 

The magnetoresistance (MR) of a metallic alloy is a very powerful tool for studying its elec- 
tronic transport processes. The application of a magnetic field usually alters the electrical 
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resistance of a metal. The magnetoresistance or the fractional change in resistance (p) of a 
material due to an applied field (H) at any particular temperature (T) is defined as 


Ap piH,T)-piO,T) 
Po p(0, T) 


(1.15) 


Normal Magnetoresistance 

The magnetoresistance is termed as ’’Longitudinal magnetoresistance” [LMR = (^)||] 
when the applied magnetic field is in the direction of the current flow and ’’Transverse magne- 
toresistance” [TMR = (^)x], when it is perpendicular. At the same time, a potential gradient 
perpendicular to the applied electric field (E) and the magnetic field {H) builds up, giving 
rise to Hall voltage. For a single band which can be described as a spherical Fermi surface, 
as the applied field increases the Hall field compensates the Lorentz force and the transverse 
magnetoresistance vanishes identically keeping invariant the current stream lines. For a single 
band the longitudinal magnetorestance is also zero. In the simplest approximation one needs a 
two-band model for the transverse magnetoresistance to show' up. This model consists of two 
overlapping bands, and is usually applied to transition metals and can also be used for some 
other metals[94]. This model gives non-vanishing transverse magnetoresistance given by[79]. 

7Ap\ ^ 0-102 (/^l - 

V Po / X (cTi - 1 - 02)2 + ’ 

where oi and 02 are the conductivities associated with the two bands, P = where r 
and m* are relaxation time and effective mass, respectively. The magnetoresistance described 
above is a band effect. It essentially arises due to the motion of the electrons on the Fermi 
surface under the influence of a magnetic field. Making the simplest assumptions of putting 
0-1=02 = (l/ 2 )oo and Pi = 02 = Py one obtains, 



7 


(1,17) 
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where n\ = ??2 = n are the carrier concentrations in the two bands. The above equation gives 
the correct order of magnitude of the effect. In high magnetic fields {uJcT I); this model 
leads to two distinct cases : 

1. ni 7 ^ no : the MR would tend to saturate. 

2. ni = n 2 ■ the MR would increase quadratically. 

Here ~ {eH/mc) is the cyclotron frequency and r is the relaxation time. 

In general, for low resistivity non-magnetic metals and alloys, longitudinal and transeverse 
magnetoresistances are positive. In low fields (oIcT <C 1), Ap a and in high fields {uJcT ;:#> 1) 
and at low temperature, Ap usually tends to saturate if electrons travel in closed orbits on the 
Fermi surface. For a non-magnetic metal in the low-field region {uJcT ^ 1) the time between 
electron collisions is short and the electrons traverse only a small fraction of the Fermi surface 
before scattering. In this regime the anisotropy of the scattering mechanisms dominates the 
magnetoresistance. On the other hand, in the high-field region (oJcT > 1 ) where electrons 
are able to complete many cyclotron orbits between collisions, magnetoresistance generally 
reveals the topology of the Fermi surface and not the details of scattering mechanisms that 
dominates the character of magnetoresistance for metals[94, 79]. 

For certain metals with open orbits ^ continuously increases with Magnetoresistance 
of polycrystaline materials generally increases linearly with H. Ziman[79] suggested that this 
could be due to an averaging over seperate crystallites, for some of which ^ a Ff^ while for 
others ^ tends to a constant. 

In materials with weak scattering the important parameters in magnetoresistance are the 
mean free path I of the electrons (/ = vpr, where vp is the Fermi velocity) and the radius of 
curvature (r) of electron paths in a magnetic field, H (r = ^). The ratio 

Z_ er^ _ 

r m nepo ^ 

is closely related to the magnetoresistance in metals and alloys. 
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Figure 1.9; Magnetoresistance data of Mg at various 
temperatures, fitted to Kohler’s rule [ref. [79]]. 


For normal (both longitudinal and transverse) magnetoresistance a generalized rule usually 
holds quite accurately which is called the Kohler’s rule, commonly written as 


Po 



( 1 . 18 ) 


However, the nature of the function is different in the two cases (LMR and TMR) . 

By plotting ^ as a function of H/po for various temperatures and purities of samples, all the 
data can be made to lie on the same curve as shown in Fig. 1.9 All the alkali metals (e.g., 
Na, K, Rb, Cs, etc.) having very low magnetoresistance appear lowest on the Kohler diagram 
whereas a semi-metal like bismuth lies in the upper part of the diagram[94]. 


Anomalous Magnetoresistance 

Generally in a clean metal (in which Boltzmann transport theory is applicable) the mag- 
netoresistance is essentially a band effect 
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Figure 1.10: A schematic plot of the magnetoresistance for (a) r, r^o, (b)r, ~ 
Tso, and (c) T, > Tso [102]. 


This effect is usually very small. Apart from this band effect there are a number of other 
sources from which an entirely different kind of magnetoresistance shows up in disordered 
systems (having small mean free path). These are : 

(a) A dominant low-temperature contribution comes from the destruction of back scattering 
in weak localizahon and from electron-electron interaction effects with the application of an 

external magnetic field. The works of Abrahams[95], Altshuler and Aronov[96], Hickey et 
al.[97], Schulte et a/.[98], Baxter et fl/.[99], Bieri et aZ.[100] and others have thrown some light 
on the understanding of the anomalous negative magnetoresistance using the ideas of the 
quantum interference effects (QIE). In a number of metallic glasses it has been found that 
^ is very large compared to the magnitude predicted by Kohler’s rule[101, 102, 91]. In some 
metallic glasses, disordered alloys, doped semiconductors, metal films, inversion layer systems, 
etc.[102, 91, 103-106] the slope of ^ curve at high fields is negative and even the value of the 
magnetoresistance could be negative. 

Altshuler and Aronov[96], Fukuyama[107], Lee and Ramakrishnan[91] and others have 
independently developed theories regarding the effect of magnetic fields on weak localization 
and electron- electron interaction. Dugdale[101] has given a very simplified picture of the role of 
spin-orbit scattering in highly disordered alloys where QIE dominates. Generally, in addition 
to the inelastic (spin quantum number conserved) dephasing with lifetime, and dephasing 
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due to magnetic fields, there are other mechanisms of scattering which change the spin state, 
e.g., spin-orbit scattering (having characteristic dephasing time r^o) and interaction of electron 
spin with localized magnetic moments (having dephasing time r^). The behaviour of the QIE 
term can be put into three categories determined by the following conditions : (i) r, Tso (ii) 
r, « Tso s-iid (iii) r, ':$> Tgo- The magnetoresistance for these three cases are shown (Fig. 1.10) 
above schematically. 

Weak localization : 


When a magnetic field passes through the orbit of an electron on a closed path, the phase 
of its wavefunction is changed by ecf/h, where (j) is the magnetic flux that threads the closed 
loop[101]. For the two time reversal paths of an electron wave, the relative phase is thus 
changed by 2e<p/fi. With the increase of external magnetic field the dephasing of the two 
partial wave reduces the probality of back scattering. As a consequence, because of the 
suppression of weak localization, resistivity of any disordered material diminishes and gives 
rise to a negative magnetoresistance (or a positive magnetoconductance). 

The expression for positive magnetoconductance in the absence of any spin-orbit scattering 
in three-dimension, is given by Kawabata[108] as 


[A(j]wl = 


2'K‘^h 


eH 


h 


1/2 


/3 


4DeH 
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( 1 . 20 ) 


and is the dephasing time (also called the phase relaxation time). 
In low fields — {ADeHlKjr^ 1), 


h{x) 


X 


. 3/2 


48 


So, from Eq.(1.19), [AcrjwL oc H"^. 
In high-field limit (x l), 


/^{x) = 0.605 and 
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[Aa]wL OC WL can be used to determine the dephasing time r^[109]. In the presence 

of spw-orbif interaction the situation is more complex leading to a negative magnetoconduc- 
tance at low fields (because in this case it is weak ’’anti-localization” which is destroyed by 
the field). 

Electron-electron interaction effects : 

When the electron-electron interaction effect is taken into account, an additional contri- 
bution comes to the kIR due to spin-splitting and spin-orbit interaction. Both of them give 
rise to a positive magnetoresistance varying as at low fields and y/H at high fields[91] 


(b) In magnetic systems, the magnetic exchange interaction modifies the electron scattering 
which leads to a negative magnetoresistance (except in antiferromagnets) which mask the 
normal magnetoresistance. 

The magnetoresistance of a magnetic system is one such probe where the transport prop- 
erties are coupled with the magnetic ones. It is a convenient tool to investigate local spin 
correlations which otherwise get averaged out in the bulk magnetic measurements such as 
susceptibility, magnetization, etc.. It is also to be noted that unlike the bulk magnetic mea- 
surements, MR ts less sensitive to domain effects if their size is greater than the mean free path. 
In the magnetic materials studied here, the mean-free path is typically of the order of a few 
tens of A implying a measurement time-scale, r, of 10“^^ to 10“^^ s. which is comparable to 
that of neutron scattering meaisurements. It is observed that in most of the magnetic systems, 
the result of the MR measurements are on par with the more sophisticated measurements like 
neutron scattering. 

Generally in a metal with magnetic spins, an additional quantum - mechanical scattering 
mechanism might be there. This is the "spin-flip” or "spin-exchange” scattering, where a 
conduction electron scatters by exchanging spin with a magnetic moment or a spin excitation. 
An external magnetic field increases the energy needed to flip a spin and thus decreases the 
amplitude for spin-flip scattering. In other words, with the application of an external magnetic 
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field, the spin-flip scattering of conduction electrons from localized moments freezes out and 
yields a negative magnetoresistance < 0), i.e., suppression of fluctuation of localized spins 
by magnetic field. 

The magnetoresistance in dilute NM-TM alloys were studied by Gerritsen et al.[lll] and 
R6hrer[112] and the observed negative MR was explained on the basis of s-d scattering (in the 
second Born approximation) as proposed by Beal-Monod and Weiner [113]. According to this 
model, the variation of the magnetoresistivity is the product of (i) the field and temperature 
dependence of the conduction - electron scattering amplitudes, and (ii) the freezing out of the 
impurity spin degrees of freedom by the magnetic field. In the presence of external magnetic 
fields {^§0- < 2), the freezing out of the spins is mainly described by the square of the magne- 
tization (M^) and varies much more rapidly than the perturbation expansion of the scattering 
amplitudes (e.g., for CuMn, CuFe, AuFe, AuMn, etc.). For very high fields > 4), the 

impurity spins are completely aligned with the field and the scattering amplitudes become 
the main source of variation of the magnetoresistivity (where normal magnetoresistance also 
might dominate). 

A simple consideration of the weak-field spin-flip scattering amplitude between an electron 
and a single local magnetic moment is given by Abrikosov [11 4] who derived = —a 
where a: is a positive constant and // is the moment per magnetic scatterer. The spin-flip 
scattering from exchange between conduction electrons and spin excitations in an itiner- 
ant feromagnet was considered by Herring[115]. More sophisticated calculations of the field 
and temperature dependences of spin-flip scattering between conduction electron and various 
kinds of dynamic spin fluctuations were done by Mills and Leaderer[116] and are reviewed by 
Moriya[117]. The general conclusion is that the spin exchange leads to a MR of opposite sign 
to the orbital case. Another crucial difference between the orbital and the spin-flip mecha- 
nisms is that the spin-flip suppression is independent of the Lorentz force. It is present even 
if J X = 0, and so the spin-flip and the orbital effects can be cleanly separated by measure- 
ments of both the transverse ( J ± H) and the longitudinal ( J || H) magnetoresistances. 
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The typical magnetoresistance behaviours in the case of various magnetic phases are dis- 
cussed below. 


Ferromagnet : 


Generally, in a conventional ferromagnet there are three types of changes of electrical 
resistance : (a) those associated with changes of magnetization at a fixed temperature (b) 
those associated with chages of magnetization as caused by temperature changes, and (c) those 
associated with the direction of magnetization relative to the current. The last effect is called 
an orientation effect or anisotropic effect by Smit[118]. At low fields, a large anisotropy of MR 
is found which is the result of spin-orbit coupling and s-d scattering[118]. The ferromagnetic 
anisotropy of resistivity (FAR) is defined[119] as 


Ap ^ P|| - P± 

Pq iPll + |px 


( 1 . 21 ) 


where p\\ and p± are the values of the resistivity when the ^ vs H curve is extrapolated 
to Hinternoi = 0 for both field directions, parallel and perpendicular to the current density, 
respectively. 

Smit[118] proposed a theory of magnetoresistance based on spin-orbit interaction and s-d 
scattering incorporating parallel current conduction. This theory has been used by Cambell, 
Fert, and Jaol[120] to derive a relation valid under the condition pj./pj- ^ 1 and Pssi Psd], 
which hold for many crystalline Ni-based alloys. The relation is given by 


^ \Pi 
Po Lpt 


1 


( 1 . 22 ) 


Here, pi and p^ are the resistivities for spin-down and spin-up bands, and 7 ~ 1 x 10~^. 
Also, pssi and p^di are the contributions to pj. from s-s and s-d scattering, respectively. A sim- 
ilar relation, where Pi! p^ is replaced by p-\lp\., holds for Fe-based alloys where p^/pj, 1 and 
Psst < Pidf Malozemoff[121] derived other forms of Eq.(1.22), which are more general. The 
traditional version of Smit theory[118] describes s-d scattering in the 1st Born approximation, 
appropriate for weak scattering potentials. The FAR is a measure of the anisotropy (direction 
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dependent). It is large at low fields and it decreases with increasing temperature and finally 
vanishes at T = Tc- 

The slope of the high field MR = ^(^)] is negative, i.e., the resistance decreases 

with increasing field. At T -C Tc, the magnitude of the slope is nearly zero (or positive due 
to normal MR). It progressively increases as Tc is approached. The suppression of scattering 
due to spin- waves in the presence of a field leads to a reduction in resistivity and consequently 
a negative MR above technical saturation. Both these features are common for crystalline 
and amorphous FM alloys. The negative MR of FM systems has been explained by Yamada 
and Takada[122] in the mean-field approximation for the spin system. Besides this Balberg et 
al.[123], Alexander et ah[124] have extended this approach to calculate MR for FM in a more 
rigorous way. 


Spin Glass : 

Magnetoresistance in canonical spin-glasses [Cu Mn . AuFe, AuCr, and AgMli (with (0.5 - 
10) at.% of 3d impurities) were measured by Nigam and Majumdar[5] and Senoussi[l25]. The 
sailient features of the MR, as observed by them, are given below : 


• ^ is negative at all temperatures and fields. 

• ^ = where a is a constant and the value of the exponent n = (1.9 ± 0.1) ~ 2 

at low fields below the SG freezing temperature. 


• MR is isotropic, i.e., TMR and LMR are nearly identical. 




PQ 


= over a wide range of H and T* 


Moreover, Senoussi observed hysteresis and relaxation effects of remanent magnetization 
in the resistivity of the field-cooled AuFe and CuMn[125] and jumps in their MR (^) below 
the SG freezing temperature. When the remanent magnetization xUr is saturated and parallel 
to the field H, ^ varies linearly with H for low fields and exhibits jumps. When the field 
is perpendicular to the initial remanence m^, ^ is quadratic in H. The magnetoresistance 
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depends on the macroscopic total magnetization (reversible and irreversible) which can be 
expressed according to Senoussi in the following form : 


— = ~a[{XoH + nirf] 

Po 

~ + 2xoH-rnr) , 


(1.23) 


where \o, H and are, respectively the reversible susceptibility, the applied magnetic field 
and remanent magnetization, a is a constant of proportionality. 

In the zero-field-cooled state (no thermoremanent magnetization (TRM)), Eq.(1.23) re- 
duces to 

^P 2 tt2 

= -0:XqH . 

Po 


This approach (Eq.1.23) accounts only for the RKKY couplings. 

The hlR of SG alloys, calculated by Mookerjee[126] within the frame-work of the Edwards- 
Anderson model, neglecting the complication of spin dynamics, is given by 


Po 



Mtanh 



4 - 27^2 


(1.24) 


Here \'^ and J are the Coulomb and s-d exchange potentials, g the splitting factor, the 
Bohr magneton and 7 is a constant. In spite of several approximations in the calculation, a 
reasonably good agreement was obtained with the data of Nigam and Majumdar[5]. Das et 
al.[127] have proposed a theory where they calculated MR within the mean-field approximation 
employing the method of the double time Green’s function and the Kubo - Greenwood formula. 
Sherlekar et al.[128] computed the MR of ternary spin glasses by including higher order terms 
and obtained a better agreement with experiments as compared with Mookerjee’s theory. 
Based on these results, they determined the value of the RKKY interaction strength J^d- 
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These values are found to be in reasonable agreement with those determined from other 
magnetic measurements. 

Mictomagnets, Cluster glass and Re-entrant Spin Glass (Mixed Pha- 
se) : 

As the concentration of magnetic impurity (Fe, Mn, Cr) in a noble-metal host (e.g., Au, Cu, 
Ag, etc.) is increased, there is a greater statistical chance of any impurity becoming the 1st or 
2nd nearest neighbour of another impurity. Generally, the wave functions for the 3d-electrons 
have a finite extent, there is an interaction overlap and a direct magnetic exchange may 
result. This adds short-range FM and AFM interactions and as a result magnetic clusters 
can form due to concentration fluctuations in randomly disordered alloys. AuFe (with Fe 
concentration of 10 - 18 at.% )[129], NiMn (21-28 at.% of Mn)[130], CuMn, AuMn (with 
very high Mn concentration) [42, 131], etc. show mictomagnetic or cluster-glass behaviour. So 
at the percolation boundary of all the above alloys (which have spin-glass freezing for lower 
concentrations), as the 3d impurity concentration is increased, they all subsequently develop 
long-range FM or AFM ordering. Near the percolation boundary the spin-glass phase does 
not simply dissapear but continues into the FM phase. This strange behaviour is related 
to the observation that a more disordered state appears from the more ordered one as the 
temperature is reduced. So the lowest temperature phase is a cluster glass created out of a 
percolating infinite FM clusters which have broken up into large but randomly frozen clusters. 
The word re-entrant, something of a misnomer here, means that the cluster - glass phase 
develops from a FM phase and thus reenters a frozen (disordered) phase which is different 
from a PM phase. 

In a re-entrant SG system, the simple RKKY type of indirect interaction is not valid 
because of the effects of short - range direct interaction that comes into play at higher con- 
centration. It is known that the magnetoresistance of a magnetic alloy is very sensitive to 
the change in the degree of magnetic disorder on the scale of the electron mean free path. 
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Therefore, a transition from a SG to a FM state is expected to be easily seen in the trans- 
port properties as it is necessarily accompanied by a sudden change in the degree of magnetic 
disorder, and therefore of the resistivity. 

Generally the alloys around the percolation threshold have strong competing interactions 
and they are found to pass on to a phase where long - range order coexists with the spin-glass 
ordering, as predicted by Gabay and Toulouse[27]. The irreversible effects associated with the 
magnetization behaviour of spin glasses are also observed in this phase. MR studies reveal 
that the slope of MR increases as the system enters a mixed phase[132, 130] from a FM 
one. This increase is associated with the increase of random, uncorrelated components and the 
breakdown of FM order which results in an increase of high - field susceptibility. A number 
of reports on AuFe alloys with higher Fe concentration (> 13 at.%)[5, 132-135] confirmed the 
coexistence of both the SG and the FM phases in the re-entrant phase through studies of MR, 
susceptibility, etc.. NiMn alloys[130, 136] also show the re-entrant behaviour below 25 at.% 
of Mn (percolation threshold). Magnetoresistance (TMR and LMR) studies of re-entrant spin 
glass alloys show[5, 130. 133-135, 137] the following common features : 

• MR of all these alloys in the coexistence regime is strongly negative and isotropic whth 
small FAR. 


• ^ = —ccH'^.n < l(fti 0.75), i.e., MR varies slower than linear (H) unlike a canonical 
SG {n « 2). 


• Contribution of Lorentz force normal MR is negligibly small compared to magnetic 
contribution. 




1 dp 
pdE 


increases with temperature below Tc. 


• Below the second transition to the frozen spin state, ^ = -aR", (n < 1), and M oc 
^n/ 2 ; consequence ^ = aM‘^(H). 


• There might be a possibility for the existence of a FM order on the scale of the electron- 
mean free path[133]. 
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The magnetoresistance being a microscopic measurement, will have two contributions in 
these alloys; one due to the FM interaction among the spins inside a cluster and the other due 
to the SG type of interaction among these clusters. No direct magnetic interaction comes into 
play. Due to the additive nature of the two contributions, the negative ^ is expected from 
either of the above two types of interactions[l38]. 

Antiferromagnet : 

There have been very few MR measurements in antiferromagnets, possibly because of their 
small values, which in some cases may be beyond the resolution of measuring instruments. 
Nagasawa[139] had observed that Nd, which has a complicated spin ordering with two anti- 
ferromagnetic phases at low temperatures, shows a positive magnetoresistance at sufficiently 
low temperature whereas as the temperature rises it becomes negative at the temperature 
where one of the antiferromagnetic phases disappears. This suggest that in such metals with 
oscillatory spin orderings the magnetic field does not simply suppress the fluctuations of spins, 
but may as well increase it leading to a positive magnetoresistance. 

The high-field magnetoresistance studies[l40] on antiferromagnetic monocrystalline PrSna 
and NdSns show positive MR. Initially the resistivity increases with increasing magnetic field 
and then it reaches a maximum at high magnetic fields. The observation of this maximum has 
been attributed to the spin- flop transition. Birss et ah [141] have reported that the antiferro- 
magnetic HoCu and HoCus exhibit a negative magnetoresistance above their Neel temperature 
(in the paramagnetic state). However, below their respective Neel temperatures (i.e., in the 
AFM state), the MR changes to a positive value. In the case of {Fe\-.xCrx)uB\&, the high-field 
slope of the MR curve becomes increasingly positive with increasing Cr content[142]. This 
implies that with the increase of Cr the AFM coupling increases. 

Yamada and Takada[l43] have given a simple expression for the MR of AFM metals due 
to electron - spin scattering with localised spins through s-d interaction, using the molecular - 
field approximation. For AFM’s the direction of external magnetic field is taken to be parallel 
or perpendicular to the staggered magnetization, and the latter (perpendicular) case includes 
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the spin- flop state. The external magnetic field is assumed to be weak (cuc r <C !)• They have 
shown that the MR is positive in the AFM state when the field is parallel to the sublattice 
magnetization in contrast to the negative MR in the FM and PM cases. In FM and PM cases 
the magnetic field increases the effective field acting on the localized spins and suppresses 
the fluctuation of spins which leads to a negative MR. On the other hand, in an AFM state 
with parallel field, the fluctuations of the spins of one sublattice may be suppressed whereas 
it might increase in the other. The MR is determined by the net spin-fluctuations in the two 
sublattices, and this may lead to a positive MR. For an AFM the MR is zero when the applied 
magnetic field is perpendicular to the sublattice magnetization. Prom these results it has 
been predicted that as the magnetic field is increaesd the MR of polycrystalline AFM metals 
changes from positive to zero and finally to negative values, the boundary of each region being 
rounded by the domain wall and polycrystalline effects. Such a behaviour of MR is consistent 
with the observation of Nd by Nagasawa[139]. 


1.4 Present Study and Motivation : 

The study of soft magnetic materials having a random mixture of FM and AFM interactions 
continues to attract attention in the field of Science and Technology because of their variety of 
forms and the underlying mechanisms. One such kind of material is the binary alloy system 
Fe-Ni which is very interesting from the point of view of basic magnetism as well as industrial 
applications[l44]. The iron - rich Fe-Ni alloys having 36 at.% Ni are known as Invar alloy. A 
great deal of efforts have been constantly put theoretically and experimentally to understand 
the Invar anomalies, such as the instability of the FM phase, lattice softening, and a vanishing 
thermal expansion coefficient at room temperature. The case of nickel-rich Fe-Ni alloys with 
high Ni-concentration of around 75 at.% Ni is well known as permalloy which are characterised 
by very high permeability and thus possess a wide range of applications in industry. 

For practical applications a third alloying element (e.g., Mo, Si, Ge, Cr, B, etc.) is added 
to the Fe-Ni system so that the permeability can be increased while cost can be reduced 
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Figure 1 . 11 : Cooling curve for pure iron. 


by replacing the expensive nickel by a cheaper element. In particular, it has been found 
that the magnetic properties of Fe-Ni alloys can be very much improved by the addition of 
Cr. Nakamura[145] had shown that the initial permeability of Fe-Ni-Cr alloys increased with 
increasing Cr concentration and for 12 at.% Cr the permeability becomes almost ten times 
as large as that for the binary Fe-Ni alloys. To cite some typical industrial applications, 
Fe^sNigCr^^, alloys are used for manufacturing shield plates of floppy disc drives and video 
tape recorders, iron cores of watches, etc. 

In the past decade there has been a revived interest in the properties of fee 7 -Fe, which 
when pure exists only at very high temperatures (between 1183 and 1667 K). In Fig. 1.11 the 
cooling curve of pure Fe is shown. The existence of multiple magnetic phases, the relative 
stability of which depends critically on the lattice constant, has been demonstrated by band 
structure calculations[146, 147] and may be related to the properties of 7 -Fe-based Invar 
alloys[liS]. 7 -Fe is of further technological interest since it forms the basis of austenite-type 
steels where it is stabilized at low temperatures by addition of interstitial carbon and other 
(transition metal) impurities. ^ ~ Fe can also be stabilised at low temperatures as small 
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Figure 1.12: General spin structure of 7-Fe. 


coherent precipitates in copper and copper alloy naatrices[l49] or as thin epitaxial films on Cu 
or Cu-based alloy substrates[l50, 151]. 

There has been a long debate on the magnetic ground state of iron with f.c.c structure (7- 
Fe). The AFM spin structure of 7-Fe was determined by Abrahams et al. through a neutron 
diffraction study of 7-Fe precipited in a single crystal of Cu. In Fig.1.12 the antiferromagnetic 
7-Fe structure is shown as proposed by Abraham et al. and Ishikawa et af.[152, 153]. The 
AFM structure is of the 1st kind with spins inclined from the [001] axis at an angle 6 in the 
plane which makes an angle 4> with the (110) plane[l53]. 

Although the f.c.c. 7-Fe (AFM) is unstable at room temperature, the fee allotrope could be 
obtained by alloying with Ni and the resulting structure stabilized by the addition of Cr, Mn, 
V or Cu[37, 154]. These austenitic stainless steels have potential industrial applications. They 
are highly corrosion resistant because of the formation of a thin impeiwious layer of Cr203[154]. 
They are also non-toxic and non-magnetic and can be used as cryogenic materials. They are 
also used for sophisticated pharmaceutical euipment, and as creep-resistive and high-resistance 
materials[154]. 
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In the present investigation we have chosen a particular series of 7-Fe8o-xNixCr2o (14<x<30) 
substitutionally disordered alloys of type-304,308,309 polycrystalline austenitic stainless steel. 
These isostructural (fee structure) alloys are the closest realization of 7-Fe, the nature of the 
ground state of which was highly controversial but later on confirmed to be AFM[153, 155]. 
In 7-Fe two other issues[156] related to itinerant electron magnetism are also important . (i) 
the nature of magnetic interaction and (ii) the localizatom of magnetic moments. 

These particular types (304,308,309) of austenitic stainless alloys are used for chemical and 
food processing equipment, recording wire, etc.. Higher Ni and Cr content increases corrosion 
and heat resistance and are principally used for welding filler metals to compensate for alloy 
loss in welding. Ni/Cr also increases corrosion and scaling resistance, as so are used in aircraft 
heaters, heat treating equipment, furnace parts,etc.. 

It is known that 7-FeNiCr alloys have competing exchange interactions[l57, 158] because 
of which the local spin orientation is expected to depend on its environment. The effective 
exchange interaction can be positive, negative or nearly zero. In the Heisenberg local moment 
picture, the behaviour of the whole sample will be governed by the concentration, distribution 
and strength of the six different possible exchange interactions Jy between the different mag- 
netic atoms. As a result, a number of exotic magnetic phases are realized at low temperatures. 

The antiferromagnetism of Fe in the f.c.c 7-phase of the Fe-Ni alloys arises out of the 
negative exchange integral of electrons of nearest neighbour Fe-atoms in the f.c.c. lattice. 
However, owing to the 7 — 0 phase transition it is not possible to study the AFM phase 
of Fe below 1180 K. This difficulty can be circumvented by the addition of Cr or Mn or 
V so that the 7-phase is stablised and then the complete transformation region from AFM 
(Fe-rich) to FM (Ni-rich) within the same crystallographic fee phase can be studied. In the 
alloy system Fe-Ni-Cr, nature has thus provided us with a convenient system whose ternary 
and magnetic phase diagrams are well studied[160, 157]. The magnetic phase diagram[157, 
158] had been established in 7-Fe8o-xNixCr2o (14 < x < 30) through dc-magnetization[157], 
magnetic neutron scattering[159, 160] and ac-susceptibility measurements. Figure 1.13 shows 
the magnetic phase diagram of 7-Fe8o-xNixCr2o (14 < x < 30). 
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Figure 1.13; Magnetic phase diagram of Fe8o_iNia:Cr2o (14 < x < 
30) alloys in the temperature - concentration (Ni) plane [157]. 


Due to the strong competing exchange interaction between different kinds of magnetic 
atoms (nearest neighbour interaction is either FM or AFM with positive or negative values 
of exchange integral, ), this system of alloys undergoes a compositional phase transition 
from long-range AFM (x = 10-14) to SG (17-21) to mixed FM and SG (23-26) or re-entrant 
phase and finally to long-range FM (30) order within the same crystallographic 7-phase. To 
our knowledge, so far there is no electronic or magnetic band structure calculation in this 
series of ternary magnetic alloys having such wide varieties of magnetic phases. The present 
investigation might lead to band structure calculations in this kind of magnetic systems. 

It was found from low and intermediate-field magnetization[137] studies that the alloy with 
x=30, behaves like a distorted or a inhomogeneous FM unlike a conventional FM. Isothermal 
magnetization curves, in the PM state of each alloy, have strong curvatures even at tempera- 
tures much higher than their respective transition temperatures. Also their M-H curves did 
not show^ any tendency of saturation even till 6 tesla and down to 4.2 K[157]. 
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The motivation behind the present investigation is to seek answers to many ques- 
tions regarding these substitutionally disordered, highly resistive 7 - Fe-Ni-Cr alloys near the 
critical concentration regime. 

1 . What distinct features does one observe in electronic transport properties if the crystal- 
lographic structure remains unchanged while the series undergoes a gradual change from 
one long-range ordered phase (FM) to another (AFM) with intermediate magnetically 
disordered phases (SG or re-entrant spin glass) by varying the composition? 

2 How do the electronic transport properties (with moderate average mean free path I of 
conduction electrons) affected by short-range magnetic ordering, clustering or setting in 
of long-range FM or AFM clusters or frozen-in frustrated spins (arising out of strong 
competitive FM and AFM interactions) with no long-range order ? These can be revealed 
through powerful probes like the magnetoresistance. Will the dephasing effect of the 
quantum interference be sufficient to describe the MR of all these disordered materials 

3. At sufficiently high temperatures ( where the contribution to the resistivity from mag- 
netic scattering can be neglected because of the complete disruption of magnetic ordering 
due to large values of thermal energy (k^T) ), the deviation from linearity (DFL) of the 
electrical resistivity which might lead to a saturation, gives one an opportunity to in- 
vestigate thoroughly the long-debated phenomenon of resistivity saturation for highly 
resistive crystalline magnetic alloys. Several models or theories have been proposed on 
the DFL of resistivity which ultimately lead to a saturation. In the present work, we 
have considered some of them which are the most appropriate ones to explain this phe- 
nomenon and tested them rigorously with our p(T) data at high temperatures. The role 
of magnetic ordering in the electronic transport has also been examined since the alloys 
are near the percolation threshold or the critical regime. 

4. What are the very high-field magnetic responses (xhf) of these wide varieties of magnetic 
phases (FM, mixed, SG and AFM) which are very close to the critical concentration and 
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in which very strong competing exchange interactions exist ? Also, is it possible to find 
in them distinct functional relationships between magnetization and magnetic fields at 
high fields ? 

5. How do the electronic transport properties of amorphous alloys (metallic glasses) com- 
pare with those of disordered crj'stalline alloys ? How do the recent theories of quantum 
interference effects, namely, weak localization and electron-electron interaction can pro- 
vide quantum corrections to the Boltzmann conductivity in these amorphous alloys. 

1.5 Organization of the Thesis : 

This thesis mainly consists of two parts. The subdivisions of the 1st part are : (a) studies 
of electronic transport properties, (b) magneto-transport studies (magnetoresistance) and the 
correlation between low-field magnetoresistance and magnetization, and (c) very high field 
(up to 20 tesla) magnetization and magnetoresistance studies of Fe 8 o-a:Nij:Cr 2 o (14 < x < 30) 
substitutionally disordered, austenitic stainless steel (type 304,308,309) alloys near the critical 
concentration regime. The second part is an independent chapter by itself where we have 
presented electrical and thermal transport studies of some (Cu/Ni-Zr-Al) Pauli paramagnetic 
amorphous metallic glasses. 

In Chapter 2 we give details of sample preparation and their characterization through 
different non-destructive testings. In this chapter we have also described briefly the experi- 
mental techniques, cryostat design for low-temperature resistivity measurements, design of 
high-temperature resistivity set up, etc..In Appendix A a typical software, developed for 
data acquisition through IEEE interfacable measuring instruments (e.g.,DMM, Temperature 
Controller, Constant Current Source, Multichannel Scanner, Lock-in- Amplifier, Gauss meter, 
Nano-voltmeter, etc.) with PC/AT, has been provided. 

In Chapter 3 we have presented a systematic study of electrical resistivity of the Fe-Ni- 
Cr alloys in the temperature range of 10 K - 600 K. Rigorous and thorough analysis and 
interpretation of the data have been presented. In Appendix B(l) a software, developed for 
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the evaluation of an integral numerically using DOIAHF (1-D quadrature, adaptive, finite 
interval and strategy due to Patterson) NAG Routine, is given. This is suitable for any 
well-behaved function. In Appendix B(2) another software, developed for non-linear least 
squares fitting programme using the results of the above integral has been provided. A linear 
interpolation technique (software) used to find the temperature coefficient of resistivity (TCR) 
at any temperature and for any composition has also been given in Appendix C. 

In Chapter 4 we have described the low-field magnetoresistance and magnetization studies 
and their correlations in the same Fe-Ni-Cr alloys. The measurements were done in the 
temperature range of 10 to 300 K up to a field of 16.5 kOe. High-field magnetoresistance 
studies of some of them have been made in the temperature range of 4.2 to 60 K and up to a 
field as high as 20 tesla. 

In Chapter 5 very high-field magnetization M(H,T) studies for the Fe-Ni-Cr alloys up to 
fields of 19 tesla and down to 4.2 K are presented. 

In Chapter 6 we describe the electrical and thermal transport studies of Pauli paramagnetic 
Cu/Ni-Zr-Al amorphous metallic glass ribbons. The electrical resistivities have been measured 
in the temperature range of 1.2 to 300 K at an interval of 50 mK. The data have been analysed 
in the light of Quantum Interference Effects which provide the quantum corrections to the 
Boltzmann conductivity. 

In Chapter 7 we conclude the thesis by summarizing briefly the important results obtained 
in the present investigations. At the end of the chapter the scope for future work has been 
spelt out. 
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Chapter 2 

Experimental Details 


In this chapter the various aspects involved in the experinaents are described. These are (1) 
sample preparation and characterization, (2) cryostat design and (3) measurement techniques. 
All these are common to both the systems, namely, (a) the highly resistive polycrystalline 
Fe 8 o-xNixCr 2 o (10 < x < 30) austenitic stainless steel alloys, and (b) the highly resistive 
non-magnetic Cu/Ni-Zr-Al amorphous metallic glass ribbons. 

Different softwares, developed for acquisition (data acquisition through IEEE-488 inter- 
faced devices with an IBM compatible PC/AT (80386)) and analysis of the data, are given in 
the Appendix (A,B and C) of this thesis. The techniques described here are developed during 
the course of this thesis work. To keep the thesis to a managable size, only the main features 
will be discussed. 


2.1 Sample preparation and characterization 

2.1.1 Fe-Ni-Cr alloys 

The alloys Fem-xNi^Cr 2 o with x = 14, 19, 21, 23, 26 and 30 were prepared[l] by induc- 
tion melting in an argon atmosphere from metals of atleast 99.99% purity. As mentioned in 
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Figure 2.1; Ternary diagram of FeNiCr system showing crystallographic 
and magnetic phases. The dot-dashed line separates the 7 phase from 
a, 5 and a phases at room temperature. The solid line for Tc=0 separates 
the ferromagnetic (FM) phase from the paramagnetic (P) one (ref.[l,2]). 


Chapter 1, it is not possible to study the AFM 7 — phase of Fe below 1180 K due to 7 a 
transformation. Introduction of Cr stabilizes the 7 - phase and allows one to study in Fe-Ni 

alloys a complete transition region from AFM (Fe-rich) to FM (Ni-rich) within the same 
crystallographic fee phase. The magnetic phase diagram[l] of Fe 8 o-xNi^Cr 2 o (10 < x < 30) 
has already been shown in Fig.1.13. of Chapter 1. The ternary phase diagram[l] with the 
dot - dashed line separating the 7 from the a and other crystallographic phases of Fe-Ni-Cr 
alloys is shown in Fig.2.1. The so-called ’’critical scattering” appears at those compositions 
for which the Curie temperature Tc is close to zero. The solid line for T^ = 0 is the critical 
concentration line and it separates the FM phase from the paramagnetic (P) one. 

In Fig.2.2, a typical trend in the changes (of reactions) of steel with 18% Cr, 8% Ni, 
and varying carbon content[3] have been shown. The austenitic 7 — phase formed at the 
elevated temperature is a particularly stable phase reluctant to transform and it retains its 
character after annealing. The 0 % carbon-content line (y-axis) is applicable to all our alloys 
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Figure 2.2: Metallurgical phase-diagram showing trend of reactions 
in steels alloyed with 18% chromium and 8 % nickel. 


of Feso-xN‘>'xCr 2 o with x = 14, 19, 21, 23, 26 and 30 (with negligibly small carbon content). 
So it shows that even at room temperature the 7 — phase (austenite) is stable. 

Alloys of each composition are sealed in quartz tubes in an argon atmosphere and homog- 
enized at 1100°C for 100 hours. This thermal treatment is very important in these substi- 
tutionally disordered poly crystalline samples in preventing any possible chemical clustering. 
Moreover, at llOO^C Fe is in the 7 - phase (AFM, fee structure) as already shown in the 
cooling curve (Fig. 1.11 of Chapter 1 ) and in Fig.2.2 of this chapter. So this heat treatment 
also preserves the high-temperature crystallographic ( 7 — Fe) phase. 

All the homogenized alloys in bulk form are then cold rolled (30% cold work) in the form 
of a sheet and cut into thin rectangular strips as well as in needle forms for various transport 
and magnetic measurements. All the pieces (needle and rectangular strip shaped) are then 
finally annealed in argon atmosphere in a sealed quartz tube for 30 hours at lOSO^C to reduce 
strain in each specimen introduced due to the cold work. All these annealed samples are 
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Figure 2.3: Typical X-ray diffraction pattern for the alloys with x=19 and 21 
(spin glass) using CuK^ (A = 1.5406A) radiation. 

then quenched fast to room temperature in brine. The quenching process has to be as fast as 
possible for retaining the disordered 7 - Fe phase at room temperature. A slow quenching 
does introduce a bit of the a — phase (FM, bcc structure). 


X-Ray diffraction, SEM and EDAX study 

The powder X-ray diffraction (XRD) pattern are recorded for the characterization of all the 
samples employing a Rich Seifert Isodebyefiex 2002 diffractometer using CuKa (A = 1.5406A) 
radiation. In Fig.2.3, we have shown a typical XRD pattern for the alloys with x=19 and 
21 (spin glass). The scanning has been done for all the samples from 29 = 15 to 160° with 
1.2°/mm. speed (slow-scan mode). The X-ray unit is operated at 20mA/30kV power with a 
proper cooling arrangement. The reason for taking the scan with low speed is to investigate the 
possible presence of any second phase (say, of bcc a~Fe structure) apart from the fee j-phase. 
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The diffraction patterns reveal that all the alloys have single phase fee structure similar to that 
of 7 -Fe in austenite state, with lattice parameter a = (3.58 ±0.01) A. There is a very small 
change in the lattice constant with concentration. The nominal chemical composition of the 
alloys was checked through scanning electron microscope (SEM) and energy dispersive X-ray 
analysis (ED AX). The analysed compositions are found to be within 0.5% of the nominal ones 
for Ni and Cr. 


2.1.2 Cu/Ni-Zr-Al metallic glass ribbons 

Master alloys of (Czio 6a)i-x-AIx with x = 0, 0.1, 0.15, and 0.2 and (Niq sZtq h)\-x-^lx with 
X = 0, 0.05, 0.1, 0.15, and 0.2 were prepared by melting each element (ingredient) of 99.9% 
purity in an argon atmosphere using an arc furnace[4]. Each alloy was melted several times to 
ensure a homogeneous mixing of the constituent elements. Metallic glass ribbons of all these 
alloys were prepared in an argon atmosphere by induction melting the alloy ingot in a quartz 
crucible and ejecting it into a single-roller melt spinner. The surface speed of the wheel was 
approximately 27 m/s. The amorphous nature and composition of all the melt-spun metallic 
glass samples {Cuq zeZro ei)i-x-A.lx with x = 0, 0.1, 0.15, and 0.2 and (Nio sZro 5)i-x-^ix with 
X = 0, 0.05, 0.1, 0.15, and 0.2 have been confirmed through XRD, SEM and ED AX techniques. 
All these samples are in the form of ribbons having (20-30) pm thickness and (1-1.5) mm 
width The X-ray diffractometer with a Cu target (K^ = 1.5406 A) as well as a chromium 
target (K,, = 2.2909 A) has been used to record the XRD pattern. The scanning speed was 
again kept at 2d = 1.2°/min. and it was done from 2© = 10“ to 160“. All the XRD patterns 
show a broad peak at low angles. This is observed, in general, in all metallic glasses and 
is ascribed to the short-range order. The pattern did not show any other observable peak, 
confirming the absence of any crystalline phase (s). 
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2.2 Cryostat design and measurement techniques 

2.2.1 Magnetoresistance measurement 

The magnetoresistance measurement between 11 and 300 K have been carried out in fields 
up to 16.5 kOe, provided by an electromagnet (V-3800, Varian) with 15 inch pole pieces and 
with a proper cooling arrangement. A closed-cycle helium refrigerator (Cryosystems Inc. and 
RMC. USA) is used to achieve the minimum temperature of 11 K. A schematic diagram of the 
cryostat used for the closed-cycle helium refrigerator and the experimental arrangement using 

the electromagnet and IEEE-488 interfaceble equipment with PC/AT (80386) are shown in 
Fig.2.4. 

An extra attachment on the cold head has been made in such a way that any sample when 
placed on the sample holder (top platform of the cryotip), in both transeverse and longitudinal 
orientations, is exposed to a uniform magnetic field. At the same time it kept the cold head 
sufficiently away from the magnetic field for it to function smoothly at fields as high as 16.5 
kOe. This extra attachment consisted of a 2 inch OFHC (oxygen free high conductivity) 
copper tube soldered at both ends to 1 inch diameter copper discs of thickness 2 mm[6] This 

fixed rigidily to the original platform by nuts and bolts. Indium foils are placed in the 
inteivening space This resulted in an increase in the lowest attainable temperature from 8 to 
11 K. The magnetic field is always in the plane of the sample. 

A dc-current of 100 mA from a constant current source (Hewlett Packard, Model 6177C) is 
passed through the sample. The voltage is measured by a 7 and 1/2 digit digital mulitimeter 
( o , Model 1071). A precalibrated Si-diode and a carbon glass resistance thermometer 
(CGR-1-1000, LakeShore) are used to monitor and control the temperature along with a tem- 
perature controller (LakeShore, Model DRC-93C) adapted with a multipurpose card (CGR 
and diode cards are used here). The CGR thermometer is used because of its low magnetore- 
sistance ( 0.2% at 10 K and 2.5 tesla). At a given temperature the field is fixed at every 1/2 
kOe and the data are recorded. The temperature could be held constant within 0.2 K during 
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the period of measurements (0 to 16.5 kOe) which is about 30 minutes. Using this set-up we 
are able to detect changes in resistance of a few parts in 10®. 

The magnetic field is monitored and sensed using a combination of a magnet power supply 
(\'arian, Fieldial), a Gaussmeter (RFL, USA, Model 912) and a Hall probe. 

2.2.2 dc-magnetization 

The dc-magnetization measurements [M(H) and M(T)] are carried out between 19 and 300 K in 
magnetic fields up to 16.5 kOe. For this purpose, a closed-cycle helium refrigerator (CTI,RMC, 
USA), suitably modified by the manufacturer to fit with the vibrating sample magnetometer 
(Princeton Applied Research, Model 155) assembly, alongwith the electromagnet (Varian 15”) 
is used. The use of the cryotip in conjunction with the VSM, however, created two major 
difficulties. 

(1) In this system there is either a OFHC Cu or a Cu-Be tube inside which the sample 
vibrates, driven by a transducer assembly (which converts ac signal of frequency 82 Hz from 
an internal oscillator to mechanical vibration). Low pressure He exchange gas is used in the 
sample zone. As the temperature is lowered, the electrical conductivity of Cu rises and there is 
a lot of unwanted shielding of the signal due to eddy currents. To overcome this a modification 
to the existing set up has been incorporated [5, 6]. This reduced the shielding significantly but 
did not remove it completely. 

(2) When the cryotip of the closed-cycle He refrigerator is switched on, due to its vi- 
bration the accuracy of the data is reduced by atleast an order of magnitude because of 
the noise introduced. To examine contributions from the various kinds of excitations to the 
temperature-dependent demagnetization process (where the magnetization is very small), we 
have tactfully carried out very careful dc-magnetization M(T) measurements (accuracy of 1 
part in 10 ) at 100 mK temperature interval in a field of 1 tesla. This is done in the following 
way. After cooling the sample in zero field (ZFC), a magnetic field of 1 tesla is switched on. 
Then the cryotip is switched off at the lowest temperature and M(T) data were taken as the 
temperature gradually increased. In this way we have eliminated the effect of the extra noise 
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added to the signal of the VSM coming from the to and fro movement of the piston of the 
closed-cycle helium refrigerator. 

A 100 Cl precalibrated platinum resistance thermometer, mounted very close to the sample, 
is used to monitor the temperature, employing a PID temperature controller (Lakeshore, DRC- 
93C) adapted with a multipurpose card (Pt card is used here). This ensures high accuracy in 
the measurement of temperature. A 50 O twisted Nichrome wire, wound on the OFHC copper 
tube very near to the sample, is used as a heater wire. An external constant current source 
(Hewlett Packard, Model 6226B) is used for supplying the heater current. 

A high-temperature oven assembly in conjunction with the VSM is used for the dc - mag- 
netization measurements in the temperature range of 300-700 K. A special high-temperature 
vibrating rod attachment, consisting of fused quartz extension with high purity boron-nitride 
guides and sample holder cup, is used for this purpose. Inert helium gas is used at the sample 
zone because its high thermal conductivity provided a good thermal contact between the sam- 
ple and the hot wall surrounding it. All the measurements are done at a constant magnetic 
field of 2 - 5 kOe. A chromel-alumel thermocouple is used to measure the temperature with 
an accuracy of ±0.5 K. 

The very high-field dc-magnetization (M-H) and magnetoresistance (H)] measurements 
are carried out using a computer contolled Vibrating Sample Magnetometer (Princeton Ap- 
plied Research, Model FM-1) adapted with a water-cooled Bitter coil magnet (2-T type) of 
52.5 mm bore at the Francis Bitter National Magnet Laboratory, Massachussets Institute of 
Technology, USA. All the M-H measurements are done between 4.2 and 60 K and up to mag- 
netic fields as high as 20 tesla using a 10 MW power supply [7]. The data acquisition is done 
through a PC / AT in both continuous scanning increasing and decreasing field modes. The 
temperature of the sample is measured by a calibrated carbon resistor glued to the vibrating 
rod somewhere between the heater and the sample. However, the temperature is controlled 
by a similarly mounted glass— ceramic capacitance sensor and matching electronics. 

Both the VSM’s are calibrated with standard Ni samples as well as low magnetic moment 
(paramagnetic Er^O^, Gd 203 ) compounds after the usual saddle point adjustments. The 
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absolute accuracy in dc-magnetization measurements is better than 1 part in 2500. The 
stability of temperature during the measurements is within ± 100 mK below 60 K. 

2.2.3 Electrical resistivity 

At the beginning of this thesis work there was no liquid helium plant in the laboratory. Because 
of the non-availability of liquid He^ at that time, all the measurements were restricted at the 
most down to 8 K obtained from closed - cycle helium refrigerators. However, during the later 
part of the work, a liquid helium plant (KOCH-1400, USA) was acquired. I took an active 
part in the installation process. Only since the last three years that the He^ plant has become 
operational after rectification of different kinds of problems (e.g., problems in cryogenic parts, 
leaks in the recovery gas line, electrical faults, problems associated with the chilling unit 
which is supposed to cool the compressor of the liquid He'^ plant, problems associated with 
the liquefier itself (expansion engine) failing to work in the automatic mode, etc.). 

Electrical resistivity measurements [p(T)] of the two series (crystalline and amorphous) of 
alloys are carried out using three different set-ups in various temperature ranges. All these 
set-ups were developed during the course of this work. 

10-370 K Resistivity set-up 

Before liquid He'* was available, the resistivity [/o(T’)] measurements of all the samples under the 
present study have been carried out in the temperature range of 10-370 K using a combination 
of a closed-cycle helium refrigerator (Cryosystem Inc.,RMC, USA), a LakeShore Cryotonics 
temperature controller (Model DRC-93C), a 7 and 1/2 digit Datron (Model 1071) digital 
multimeter, an IBM compatible PC/AT (80386) and a GPIB card. A typical cryostat and 
a measuring unit used with closed-cycle helium refrigerator have already been shown earlier 
(Fig.2.4) where the magnetoresistance set-up was discussed. 

All the resistivity measurements are carried out using a standard four probe dc technique. 
The typical length of the samples used is ~ 2 cm. The electrical contacts to the sample 
are made by soldering thin phosphor-bronze wires with Zn-Cd non-superconducting solder 
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using ZnCl 2 flux. A low wattage soldering iron is used for soldering purpose. The sample is 
mounted on the cold head of the closed-cycle helium refrigerator with GE (General Electric) 
varnish which gives both good thermal contact and electrical insulation between the sample 
and the cold head. Precautions are also taken to thermally anchor all the wires leading to 
the sample. The current and voltage leads are connected to a digital multimeter (Datron, 
Model 1071) which measures the four wire resistance directly with 7 and 1/2 place resolution 
at 10 r2 full scale. The measuring current is kept at 10mA. Two calibrated silicon diodes 
(LakeShore, Model DT-470) are placed very near to the sample to monitor the temperature. 
Both these sensors are attached to the cold head with indium foils for contact between them. 
A heater is wound with non-inductive winding just below the cold head. The stability of 
temperature during the measurements is within ± 10 mK. The absoulute value of resistivities 
are accurate to within 5% due to uncertainty in the measurements of the dimensions of the 
samples. However, the relative accuracy of the resistivity data is better than (1-5) parts in 
10® in the low temperature range. 

300—600 K resistivity set-up 

As very accurate p{T) data are essential even at temperatures beyond 300 K in the disordered 
Fe-Ni-Cr alloys, a special set-up is designed for measurements up to 700 K. In Figs. 2.5 and 
2.6 we have shown the high-temperature resistivity set-up which has been developed during 
the course of this study. 

Figure 2.5 shows a schematic diagram of the set-up along with the measuring equipment. 
The measurements are carried out in a big cylindrical quartz tube properly placed inside a 
furnace. Highly resistive nichrome wires are used to wind the heater coil of the furnace. In 
Fig.2.6, the complete heating assembly along with the temperature sensing and monitoring 
unit have been shown. A combination of a furnace heater coil (100 fl), a variac (0-250 volt 
ac), an ac-ammeter (0-5 amp.) and a highly sensitive digital programmable PID temperature 
controller (Yamatake-Honeywell, Japan, Model DIGITRONIK-DCP 200) adapted with a solid 
state relay (Yamatake-Honeywell, Japan, Model PGM152AO) have been used. The current 
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Figure 2.6: Schematic diagram of the heating arrangement for resistivity mea- 
surements in the temperature range 300-600 K. 


in the furnace coil was always kept at less than 4 ampere with a proper setting of the variac, 
a resistance (R), the PID temperature controller and the 3 volt dc driven solid-state relay. 

The sample holder used is an asbestos sheet of 9 cm length and 3 cm breadth, on top of 
which a plane mica sheet is attached. The electrical connections are made by pressure contacts 
employing 4 sharply edged copper block tightened by springs and screws. Four high purity Ag 
wires (Oxford Instruments) are used aa current and voltage leads to the sample. This avoids 
formation of even a trace of any insulating oxide at high temperatures thus providing a better 
electrical contact. Two chromel-alumel thermocouples are used very near to the two extreme 
ends of the sample and the temperature recorded is the average of these two thermocouple 
readings. The difference between the two readings never exceeds 0.5 K. The inner zone of the 
quartz tube is first evacuted to 10~* torr and a continuous flow of 1.5 psi argon gas is set from 
a gas cylinder adapted with a high-precision pressure regulator. Argon gas from the other 
end of the quartz tube is allowed to vent slowly through a capillury tube, one end of which is 




68 


chapter 9 


immersed in oil. Argon comes out through it in the form of bubbles, the rate of which is set 
at 7-10 bubbles/minute. This facilitates taking near-equilibrium data during slow heating and 
cooling. A constant current source (Hewlett Packard, Model 6177C), a 7 and 1/2 digit display 
digital multimeter (Datron, Model 1071) and a double pole double throw (DPDT) switch are 
used for taking data for both direct and reverse currents. The sample current used is 100 mA. 

During each measurement the stability of temperature is better than ± 0.5 K in the high 
temperature range. The time taken for a typical run from 300 K to 600 K in this high- 
temperature set-up is typically 5-6 hours. 


1.2—300 K resistivity set-up using liquid He"^ 

Figures 2.7 and 2.8 schematically show the cryostat and the measuring unit used for resistivity 
measurement for some melt-spun metallic glass samples (Cuoae Zro 64 )i-iAl 2 : with x = 0 , 0 . 1 , 
0.15, and 0.2 and with x = 0, 0 05, 0.1, 0.15, and 0.2 in the temperature 

range of 1.2 to 310 K using liquid He^ as a coolant. 

The cryostat is made to fit inside a glass dewar system. The cold finger of the cryostat 
consists of high conductivity OFHC copper block. The same is used as a base plate for the 
sample holder and for anchoring heater wires (Figs. 2.7 and 2 . 8 ). This base plate (block) is 
supported by three stainless steel rods which are brazed to the top flange (made of brass) of the 
cryostat (Fig .2 7). Stainless steel being a poor thermal conductor minimizes the heat leak to 
the surrounding. A small brass plate is used as a radiation shield (Fig. 2 . 7 ). A 50 manganin 
heater, wound around the base block and attached by low temperature GE-varnish (General 
Electric, UK), is used for temperature variation. 35 SWG high purity coaxial copper wires are 
used as leads for current, voltage, heater wire and sensors. All the current and voltage pairs 
are twisted together to reduce the flux noise in the measurements. All the leads are thermally 
anchored to a copper screw attached with the top flange. A calibrated Si-diode (LakeShore, 
Model DT-470), attached to the base block (Fig. 2 . 8 ) near the samples is used for monitoring 
the temperature. The top and bottom faces of the copper block (Fig. 2 . 8 ) are shorted by a 
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Figure 2.7: Schematic diagram of the He'* cryostat used for resistivity mea- 
surements in the temperature range 1.2-300 K. 
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thick copper wire for better thermal stability. An indium O -ring is used between the top 
flange and the vacuum can. 

A conventional four-probe dc technique has been employed to measure the electrical resis- 
tance (p(T')) of nine metallic glass ribbons. The current and voltage contacts with the sample 
are made with non-superconducting Zn-Cd solder and Zn-Ch flux. A very low wattage (15 
W) soldering iron is employed to make each contact within a very short time to prevent, as 
far as possible, any crystallization at the point of contact. Samples are placed at the bottom 
of the copper block very near the Si-diode using GE-varnish (diluted) which provides good 
electrical insulation as well as good thermal contact between the samples and the copper block. 
Moreover, a very small amount of helium exchange gas is used in the sample zone for good 
thermal contact between the wall of the metal can and the samples mounted on the copper 
block. 

A combination of a PID temperature controller (LakeShore, Model DRC-93C), a current 
source (Keithley, Model 220) and a digital multimeter (Prema, Model 6001) adapted with a 20 
channel scanner is employed. Data acquisition is done for p(T) measurements through PC/AT 
(80386) and IEEE-488-interfaced measuring instruments employing a GPIB I/O card. The 
software developed for data acquisition for simultaneous measurements of two samples have 
been provided in the APPENDIX-A of the thesis. Only two channels have been used in the 
present set up. The same software with small modifications can be used for simultaneous 
measurements of 20 samples exploiting all the 20 channels of the scanner. 

The cryostat is first evacuated to 10~^ torr and then the outermost dewar is filled with 
liquid N 2 . After transferring liquid helium to the inner dewar from a 16 litre helium container 
with the help of a transfer siphon, sufiicient time has to be given to the sample zone to attain 
4.2 K. Then the lowest temperature of 1.2 K is attained by pumping on the He^ bath by a 
very high speed Kinney pump (Model KDH-130, pumping speed 130 ftVmin.). A typical 
measuring current of 15-30 mA has been used to minimize any heating effect in these highly 
resistive metallic glasses even at 1.2 K. We found that larger measuring currents (> 50 mA) 
disturb the thermal stability considerably at the lowest temperature of 1.2 K. p(T) data are 
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Figure 2.8: Schematic diagram of the cold finger of the He^ cryostat and the 
circuit diagram for the connection with the measuring instruments. 
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taken at intervals of 50 mK in the range of 1.2 - 50 K and then 100 mK till 310 K. The 
temperature stability during each measurement is ±10 mK. The time taken for a typical run 
from 1.2 K to 310 K in this cryostat is 13-14 hours for simultaneous measurements of two 
samples. The geometrical factors for converting resistance to resistivity are determined from 
mass, density, length and width of these metallic glass ribbons. The absolute accuracy of the 
resistivity is only within 5% due to the uncertainties in the measurements of the geometrical 
factors. The relative accuracy (AR/R), however, is better than 1-5 parts in 10®. 

Methodology for temperature stability and resistivity measurements 
(1.2 to 310 K) used in the software (Appendix-A) 

The automation is done by attaching a GPIB I/O card to an IBM compatible PC/AT 
(80386) and IEEE-488 interfacing attached to the respective instruments. The low level soft- 
ware support is provided by a device driver, GPIB.COM, supplied by the manufacturer of the 
GPIB card. The next level of the software is written in Turbo Pascal to make a link between 
the device driver and the high level language. While writing the software for data acquisition 
in Turbo Pascal, some important steps are taken. These are mentioned below. 

The temperature of the copper block and hence the sample is controlled by sensing the 
temperature through the Si-diode and giving the required current to the heater. The heater 
current is controlled by the proportional-integral-derivative (PID) control parameters of the 
temperature controller (LakeShore, Model DRC-93C). By a proper choice of the PID values of 
the controller the temperature of the sample can be controlled within 10 mK in the temperature 
range of 1.2 - 310 K. 

After the stabilization of temperature, the current source is set to send a forward current 
(I±, which is between 15 and 30 mA depending upon the resistance of the sample) through 
the current leads of the sample. Then after a delay of 5 s, the digital multimeter (DMM) is set 
to measure the volatage developed across the voltage leads of the sample. The DMM is set to 
take 20 sampling voltage data (v±) for the forward current and store into its buffer memory. 
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The acquisition of each data takes about a 10 ® s. Then the current source is set to send 
the same current in the reverse direction (I-). After a 5 s delay the DMM takes 20 sampling 
voltage data (V-) for the reverse current and stores again into its buffer memory. Then all the 
data are sent to the PC/ AT through IEEE-488 bus. Finally it calculates the mean value of 
the resistances and the standard deviation for that particular stabilized temperature. 

Taking one set of data as mentioned above at any temperature for one sample, the built-in 
scanner with the DMM is set in such a way as to connect the next channel for the measurement 
of resistance of the second sample. In principle, one can measure 20 samples simultaneously 
using this 20 channel built-in scanner of the DMM. At present two channels have been used. 
After setting the second channel it does the same exercise of measuring the mean resistance 
and the standard deviation of the second sample at that particular temperature. Reversing 
the current is essential to eliminate the effect of any thermo-emf. Then the copper block along 
with the samples are taken to some other temperature (with a small increment ^ 50 mK) by 
giving the required current to the heater controlled by the PID temperature controller. 

The criterion for the temperature to be considered as steady has been imple- 
mented in this software in the following way : 


• While taking 20 sampling voltage data (v4-) for forward current (I-k), 20 sampling tem- 
perature data (Ti?s) are also taken simultaneously. The absolute value of the standard 
deviation of these 20 samplings Tps < a preassigned tolerance limit. 


• For the reverse current (I-) also, the absolute value of the standard deviation of the 20 
sampling temperatures Trs < a preassigned tolerance limit. 


'■FS 


■RS 


< a preassigned tolerance limit where Tps and Trs are the mean values of 


20 sampling temperatures during forward and reverse currents, respectively. 


2.2.4 Thermoelectric power 

The thermoelectric power (TEP) measurements of all the nine amorphous Cu/Ni-Zr-Al metal- 
lic glass ribbons are carried out using the standard differtial technique in which a thermocouple 
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grade copper wire is used as a reference material. The sample whose TEP is to be measured 
is tightly held between two polished copper blocks (supported by stainless steel rods) using 
GE- varnish and copper screws. The inner surface of the copper block is electrically insulated 
but thermally connected by Ge-varnish. A small carbon resistor is used as a heater attached 
to the top of the copper block. A differential Cu-constantan thermocouple, attached to the 
copper disc, is used to measure the temperature difference between the hot and cold ends 
of the sample. A Si-diode (LakeShore, Model DT-470) is attached to one of the blocks to 
measure the sample temperature (after taking into account all corrections). A 50 f2 twisted 
manganin wire is used as a heater wire for changing the sample temperature. The voltage 
AV and the temperature difference AT across the two ends of the sample are measured using 
a nanovoltmeter (Keithley, Model 182) in combination with a scanner (Keithley, Model 705) 
and a source measuring unit (Keithley, Model 238) used as a current source. Then AV/AT 
gives the thermopower of the sample with respect to copper. The absolute TEP is obtained by 
adding to this quantity the thermopower of copper which is obtained from reported data[8]. 
The calibration of the set-up is done with a high purity Pt. The estimated absolute error in 
the measurement of TEP is less than 10 %. Data acquisition is done through PC/AT (80386) 
and IEEE-488-interfaced measuring instruments employing a GPIB I/O card. 
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Chapter 3 


Electrical transport-resistivity [p(T')] 

In this particular study we have performed systematic measurements of the electrical resistivity 
(p(T)) of '>-Fe 8 o_xNixCr 2 o (14 < x < 30) highly resistive austenitic stainless steel alloys in the 
fee 7 -phase in the temperature range between 10 and 600 K. The magnetic phase diagram[l, 

2 ] had been established in this alloy system through dc-magnetization, magnetic neutron scat- 
tering and ac-susceptibility measurements. The ingredient of these alloys are the 3d-transition 
metals Fe, Ni and Cr where every atom is magnetic in nature. Due to the competing exchange 
interaction (in the model of Heisenberg exchange) between the different kinds of magnetic 
atoms (nearest neighbour interaction is either FM or AFM with positive or negative values 
of exchange integral, ), this system of alloys undergoes a compositional phase transition 
from long-range AFM (x = 10-14) to SG (17-21), to mixed FM and SG (23-26), to long-range 
FM (x > 30) state within the same crystallographic 7 -phase. In the mixed phase alloys (x = 
23—26), the coexistence of long-range FM and SG orderings was confirmed through M— H[l, 

3] and magnetoresistance[3] measurements. This is understood on the basis of the Gabay - 
Toulouse[4] model of mixed phase where the transverse spin freezing (say, in x-y plane) takes 
place alongwith long-range FM ordering (in z direction) below the second transition. 

We have reported earlier[3] (also to be discussed in details in Chapter 4 ) the magnetore- 
sistance (MR) measurements on these alloys where we found that the MR are negative till 
53 'mi'S) '' published work by T. K. Nath and A.K. Majumdar, Phys. Rev. B 
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a temperature ~ 50K in the field range of 0-1.7 tesla. A correlation between magnetization 
and magnetoresistance was observed only in the SG alloys (x =19,21) with Ap/p oc 
p(T) measurements on this system of alloys at low temperatures were recently reported by 
Banerjee and Raychaudhuri[5, 6]. They found a resistivity minimum in each alloy[5] around 
8-10 K. The low-temperature rise in p(T) below Tmm in each alloy had VT- like functional 
dependence which has been ascribed to the electron - electron interaction in the presence of 
weak localization. This becomes dominant at low temperatures and provides a quantum cor- 
rection to the Boltzmann conductivity They concluded that the magnetic state does not play 
any significant role in the VT behaviour which is due to quantum interference effects. In the 
temperature range between Tmm and 80 K[6], they have found contributions to p(T) from T^ 
and T^ - dependent terms, their relative proportion being dependent on the Ni concentration. 


The motivation behind the present work is to study the electrical transport properties over 
a wider range of temperature (10 to 600 K) of 7 -Fe 8 o-xNixCr 2 o (14 < x < 30) alloys with varying 
magnetic phases. At very high temperatures ( where the contribution to the resistivity from 
magnetic scattering can be neglected because of the complete disruption of magnetic ordering 
due to large values of thermal energy (k^T) ), the deviation from linearity (DFL) of resistivity 
which might lead to a saturation, gives one an opportunity to investigate thoroughly this 
long-debated phenomenon for highly resistive crystalline magnetic alloys. Several models or 
theories have been proposed on the DFL of resistivity (already discussed in Sec.1.3.2) which 
ultimately leads to a saturation value. In the present work, we have considered some of them 
which are the most appropriate ones to explain this phenomenon and tested them rigorously 
with our experimental p(T) data at high temperatures. The role of magnetic ordering in the 
electronic transport has also to be examined since the alloys are near the percolation threshold 
or the critical regime. 
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3.1 General features of the observed /?(T) 

In Fig. 3.1 we have shown the resistivity p(T) data in the temperature range of 10 — 600 K for 
the six disordered magnetic alloys of 7 -Fe 8 o-x^'ixCr 2 o (14 < x < 30), all of which are around 
the stainless steel composition in the austenite state. The inset of Fig.3 1 shows a typical 
behaviour (x = 23) of the temperature dependence of dp/dT of these alloys. From these p(T) 
curves the following observations can be made : 

(i) There is no distinct signature of any magnetic transition in the p(T) plots at the respec- 
tive transition temperatures (Tc , Tsg or Ta’ given in Table 3.1). 

(ii) There is a peak in dp /dT for each alloy at around lOOK as shown in the inset of Fig.3. 1. 

(iii) p(T) of each alloy varies faster than T (~ T^) till 50 to 60 K. 

(iv) The p(T) curve for each alloy starts deviating from linearity in the downward direction 
roughly beyond 200 K (« ©d/2). 

This behaviour is manifested in dp/dT curve as well, where it starts to fall significantly from 
the maximum value. However, in sharp contrast to these results, Banerjee and Raychaudhuri[6] 
have observed that above 100 K, the p(T) plot for each alloy is linear till 300 K (their highest 
temperature of measurements). There is no indication of any saturation effect even at 300 K. 

In Table 3.1 we have shown the different magnetic transition temperatures (Tc, Tsg and 
Tjv ) taken from reference 23, and p(lOK), p(300K) and the temperature coefficient of resis- 
tance (TCR = p~^ dp /dT) at 300 and 500 K from the data of Fig.3. 1 for the alloys under 
investigation. From Table 3.1 one observes that all these disordered concentrated magnetic 
alloys possess very high values of residual resistivity (p(lOK)). The TCR of each alloy is very 
small at 300 K and becomes still smaller at 500 K. It is also noticed that the magnitude of the 
TCR at room temperature decreases with p(300K) for varying alloy composition, thus obeying 
Mooij criterion[7]. Figure 3.2 shows the variation of the percentage change of p(500K) with 
respect to p(lOK) and p(200K) with an increase of Ni concentration (x). It shows a roughly 
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Table 3.1: Ni concentration (x) dependence of magnetic transition tempera- 
tures (Tc, Tsg; T/y/ taken from ref.[l]), resistivities p at 10 and 300 K and 
TCR at 300 and 500 K of 7 -Fe 8 o-xNixC r 2 o (14 < x < 30) alloys. 


Ni 

X 

(at.%) 

Tc 

(K) 

Tsg 

(K) 

Ta^ 

(K) 

PlOK 

PlCI cm 

PSOOK 

piO. cm 

[P H^)]30oa: 

(x lO-'* /K) 

[P H^)]500i(' 

(x 10-^ /K) 

14 



26 

58.4 

91.0 

11.5 

7.5 

19 


12 


67.8 

96.6 

9.3 

6.5 

21 


10 


72.1 

105.1 

9.3 

6.0 

23 

35 

20 


83.0 

109.0 

7.8 

5.5 

26 

56 

7 


90.6 

118.3 

7.6 

5.2 

30 

135 



87.9 

109.0 

6.5 

4.1 


linear dependence. The percentage change of /9(500K) becomes smaller on the high Ni con- 
centration side with large values of residual resistivity. The inset of Fig.3.2 shows an increase 
of the residual resistivity /?(10K) with Ni concentration (x) till x « 27. 

Figure 3.3 is a plot of TCR vs x at three temperatures (100, 300 and 500 K). At each 
temperature the best-fitted curve shows a linear dependence of TCR on x. The slopes of the 
best-fitted straight lines as well as the TCR gradually decrease with temperature and both have 
a tendency to become zero beyond a certain temperature when the best-fitted line coincides 
with the x-axis. This implies saturation of the resistivity beyond a certain temperature. 

Figure 3.4 shows a very striking correlation in these highly resistive alloys. It reveals that 
the thermal and compositional disorders have similar effects on the resistivity saturation. This 
is a plot of TCR with p for all the alloys as well as for the whole range of temperature beyond 
100 K Here the increase of p at a fixed temperature implies increase in the compositional 
or chemical disorder. At the same time, the increase of temperature for a particular alloy 
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p(T) of FeBo-xNia:Cr 2 o 
alloys 
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Figure 3.1: Experimental p(T) plot of Feso-xNi.Crso (x = 14,19,21,23,26, and 30) highly 
resistive austenitic stainless steel alloys in the temperature range between 10 and 600 K. The 
inset shows a typical dp/dT vs T plot for x = 23. 
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Figure 3.2: Percentage change of resistivity p(500K) relative to p(lOK) and p(200 K) of 
Fe 8 o-xNixCr 2 o (14 < x < 30) alloys as a function of Ni concentration (x). The inset shows 
the X - dependence of the residual resistivity (p(10 K)). The solid curve in the inset is just a 
guide to the eye. 



Figure 3.3: Ni concentration (x) dependence of the temperature coefficient of resistivity (TCR 
= p-ig) of Fe 8 o-xNixCr 2 o (14 < x < 30) alloys at 100 K, 300 K, and 500 K. 
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corresponds to an increcise in the thermal disorder. Surprisingly, for all the six alloys in the 
temperature range beyond 100 K, the data points fall on a common curve, no matter what 
causes the change of resistivity, compositional disorder or thermal disorder. As the disorder 
is increased (compositional or thermal), the TCR (a) decreases gradually. We have fitted this 
curve to an empirical relation a = -(7/p) -I- S , where 7 and S are constants {x^ ~ 10~^ ). 
By extrapolation of this best-fitted curve to TCR (a) = 0 where it cuts the p-axis, we have 
estimated the value of the saturation resistivity as psat ~ 180 pQ cm. This kind of correlation 
has also been found recently in crystalline TiAl alloys[8]. 

3.1.1 Analysis of /9(T) data in the temperature range Tmm (~ lOK) 
< T < 70K 0d/5 ) 

We have tried to fit the observed p(T) data of each alloy to a single temperature dependent 
term bT" along with a constant term ’a’ in the temperature range of 10 - 60 K. The fit 
functions, the values of the fitting parameters, the ranges of temperature and the values of 
which give the goodness of fit, for all the six alloys are listed in Table 3.2. x^ is defined as 

f ^ 

where N is the number of data points. From Table 3.2 the following observations can be made: 

(1) For the alloy with x = 14 which has a single PM - AFM transition[l] with T^v = 26 
K, the data fit very well with the function a -I- bT^ in the low-temperature range of 10 - 60 K 
beyond which the fit becomes poor. Between 10 and 60 K, m 10~® and is consistent with 
the experimental accuracy. We have shown the experimental data and the best-fitted curve 
in Fig. 3. 5 which is a plot of p vs T^ for the alloy with x=14. The figure shows a clear linear 
dependence in the low temperature range. The inset of Fig. 3. 5 shows the percentage deviation 
of the experimental data from the best-fitted values as a function of temperature. 

(2) For the alloys with x = 19 and 21, which have PM-SG transitions[l] at around 12 
and 10 K, respectively, an additional T^ term is necessary along with the T^ term between 
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Figure 3.4: Resistivity (p which results from either thermal or compositional disorder) depen- 
dence of the TCR of Fe 8 o-xNixCr 2 o (14 < x < 30) alloys in the temperature range beyond 100 
K. The solid line is the best-fitted curve. 
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Figure 3.5: Resistivity (p) vs plot of Fe66Nii4Cr2o antiferromagnetic alloy in the temperature 
range o 10 60 K. The solid line is the best-fitted curve. The inset plots the percentage 

deviation of the fit from the experimental data. 
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10 and 50 K to make the 10~®) consistent with the experimental accuracy. A single 

temperature-dependent term as for the antiferromagnetic (x = 14) alloy gives a poor fit with 

larger by atleast 2 orders of magnitude With the addition of a cT® term, the improves 
significantly so as to become consistent with the experimental accuracy in the temperature 
range of 10 - 50 K. The experimental data and the best-fitted curves are shown in Fig.3.6 for 
the spin-glass alloys (x=19 and 21). 

(3) For the alloys with x = 23 and 26 which are in the mixed phase having Tc and Tsg at 
35, 20 and 56, 7 K, respectively, the function a -fbT^ again, in the low-temperature region, 
fits very well. This fit is as good as in the earlier alloys. 

(4) For the alloy with x = 30, which has only a PM-FM transition[l] at 135 K, the fit 
function a + bT^ seems to be the correct choice giving a ~ lO”® between 10 and 50 K. 
The experimental data alongwith the best-fitted curves for x=23, 26, and 30 are shown in 
Fig.3.7 where p is plotted against T^. These curves show a clear linear dependence in the 
low-temperature region. 

Figure 3.8 shows how the fitting parameters, namely the constant term ’a’ and the coeffi- 
cient of the T^ term ’b’, vary with the increase of Ni concentration (x). The constant 

’a’, which can be attributed to the residual resistivity of these alloys, increases with ’x’ and 
has a peak at around x = 27 (percolation threshold « 20 at.% of Ni). Thus its behaviour is 
very similar to that of p(lOK) as shown earlier in the inset of Fig. 3. 2. The coefficient b has 
a large value for x = 14. It has got a minimum near x = 19 and then it regains its large value 
around x = 23 - 30 at.% of Ni. From these observations , it appears that the T^ contribution 
dominates for the alloys which are away from the spin-glass region (x = 17 - 21) and in which 
long-range (FM or AFM) magnetic ordering sets in. Here the value of ’b’ is more or less 

constant 1 x lO^^yufi cm K“^). 

The T® contribution appears only in alloys with x = 19 and 21 which are in the spin-glass 
phase at the lowest temperature. In these alloys the T^ contribution is somewhat small as 
compared to those of the others. 
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Figure 3 6: Temperature dependence of resistivity of Fego-.Ni.Crao (x = 19 and 2 
a+bT^T' the best-fitted curves for 
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Figure 3.7: p vs plots of Fe 5 oNi 3 oCr 2 o ferromagnetic and Fego-xNixCr 2 o (x — 23 and 26) 
mixed-phase alloys in the low temperature range. The solid lines are the best-fitted curves. 
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Figure 3.8: Ni concentration (x) dependence of the fit parameters a and b of Fe 8 o-xNixCr 2 o 
(14 < X < 30) alloys in the low temperature range. The solid lines are just guides to the eye. 
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Table 3.2; Fitting parameters for the /3(T) data to different fit functions, low- 
temperature ranges and the values of (defined in text) for 7 - Feso-x^'ixCrio 
(14 < X < 30) alloys. 


Ni 

X 

(at.%) 

Fit function 

Fit range 

(K) 

a 

{pQ cm) 

b 

10-3 

pQ, cm K”^) 

c 

10-3 

pQ, cm K-3) 

(10-3) 

14 

a+bT2 

10-60 

58.3 

1.01 


2.9 

19 

a+bT^+cT^ 

10-50 

67.8 

0.39 

7.5 

6.1 

21 

a-hbT^+cT^ 

10-50 

72.0 

0.74 

2.1 

0.4 

23 

a+hT^ 

10-40 

82.9 

1.07 


3.9 

26 

a+hT^ 

10-50 

90.5 

0.94 


3.7 

30 

a+bT2 

10-50 

87.8 

0.99 


1.6 


In these 7-Fe8o-xNixCr2o (14 < x < 30) concentrated magnetic alloys, the appearance of a 
contribution to p at low temperatures cannot be attributed directly to a single mechanism. 
As mentioned earlier in Sec. 3.1, a number of mechanisms could be involved in these magnetic 
alloys in the low-temperature range Nevertheless, we can atleast examine them with some 
logical arguments. If we compare the contribution to p of these alloys with those in pure 
Fe, Ni, and Co, as investigated by White and Woods[9], we find that b « (0.4 - 1.1) xlO ^pEl 
cm K“^ in the present case which is one to two orders of magnitude higher than those in pure 
Fe, Ni, or Co (r^ (1.3 - 1.6) xl0"®/if2 cm K"^) and the one calculated by Baber[10, 11]. Thus 
the T^ contribution due to Baber mechanism is too small to explain our results. 

Next we attempt to explain this T^ dependence of p in the light of the electron - magnon 
(spin wave) scattering mechanism which seems to be the most plausible one. It also provides 
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a rather consistent picture. It is clear that for the alloys in the long-range FM (x — 30) or 
AFhl (x = 14) regimes as well as those in the mixed-phase (x = 23 and 26) regime where the 
long-range magnetic ordering starts appearing, the contribution could be very large. So it 
is rather natural to associate the term with the electron - magnon (spin wave) scattering. 
In the case of the alloys (x = 19 and 21) in the SG regime, the contribution drops down 
and the appearance of the extra term can be linked with the electron - phonon scattering 
in the presence of s-d interaction (Eq.(1.7)) in the transition metals. 

We can, in principle, estimate the spin-disorder resistivity (Pmag) these alloys theoreti- 
cally in the light of the spin- wave theory using Eq.(1.8). Unfortunately, there is no information 
on the spin-wave stiffness constant {T>) and the strength of s-d interaction (^s-d ) for these 
magnetic alloys as no band theory calculation has been developed so far for this system of 
alloys. Thus it is not possible at this stage to estimate Pniag quantitatively. 

When we compare our findings with those of Banerjee and Raychaudhuri[6] we find that 
there is an excellent qualitative agreement at low temperatures. However, some minor dif- 
ferences exist, e.g., for the long-range or mixed-phase ordering (x = 14, 23, 26, and 30) the 
contribution of the T® term is about 1% of that of the term in their work whereas it is 
smaller than 0.1% in the present case. Although the experimental resolution is about the 
same, the fact that the values of are much less in our studies in comparision to theirs (x^ 
10“* and 10“®, respectively) implies that the fit of our p(T) data to various functions is 
better. 


3.1.2 Analysis of p{T) data in the temperature range 200 (~ 0d/2) 
< T < 600K 

From Fig.3.1, w'hich shows p(T) of all the alloys under investigation, it is obvious that each 
curve shows a strong downward deviation from linearity (DFL) at high temperatures and also 
a tendency towards saturation at still higher temperatures. Since each of these alloys are 
magnetic[l] having low Tc , Tsg or Tjv, it is very unlikely that at those high temperatures (T 
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^ Tc , T^cr or Tjv ) when the alloys are in a paramagnetic state, the randomly oriented d- 
spins of these transition metal alloys will contribute to any correlated magnetic spin scattering. 
Moreover, despite having wide varieties of magnetic phases (FM, FM and SG, SG or AFM) 
at different temperatures and compositions of these alloys, all of them show very similar kind 
of behavior of DFL of p{T) at very high temperatures. As a consequence one can simply 
conclude that this DFL of resistivity which leads to a saturation limit at high temperatures 
is not of magnetic origin. We have attempted to explain this behaviour of p(T) in the light of 
the various models mentioned in Sec.1.3.2. 

Obviously p{T) at high temperatures is not consistent with that predicted by a simple 
electron - phonon scattering theory, viz, /9(T)~T as in Bloch-Gruneissen[12] formula and 
Eq.(1.7) (Wilson). Therefore, we have fitted our data to the "phonon-ineffectiveness” model 
predicted by Cote and Meisel[13] (Eq.(1.9)) in the temperature range 200-600 K. However, 
it is found that the fits in all the alloys are very poor w 10”'^ ) in comparison with the 
experimental accuracy. As a consequence, we rule out the validity of this model in this system 
of alloys. 

We have also fitted the high-temperature /9(T) data to Eq.(l.lO) which is obtained from 
the widely accepted "parallel - resistor” model. The form of Pph(T) that we have chosen is 
contained in Eq.(1.7). This arises due to the phonon assisted s-d scattering as proposed by 
Wilson[14] for transition metals. Since the exponents of T of the observed p(T) in the low- 
temperature range are small (2 to 3) for this system of magnetic 3d - transition metal alloys, 
the use of Eq.(1.7) (Wilson) instead of Bloch - Griineisen formula is justified although both 
are of the same form at high temperatures (p oc T , T > 0d ). We have abbreviated Pideai(O) 
= e which is a temperature - independent constant. 

The value of the Debye temperature (0d) used in Eq.(1.7) is « 400 K, as obtained from 
the specific heat measurements reported by Pecherskaya et al.[15], falling in the range of 370 
to 400 K. No appreciable change in the quality of fit (x^ ) is observed as we vary 0 d between 
370 and 400 K. Recently, from a thorough investigation of the resistivity saturation of Tii_x 
Alx (x < 0.135) disordered alloys by Lin et al.[8, 16], it was concluded that a single value of 
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Psat cannot describe the resistivity saturation for the entire range of x . Also a proper choice 
of the range of fit made the quality of fit much better as well as the fitting parameters more 
meaningful in their case. 

Along the same lines, here we have kept Psat ■, a free adjustable fitting parameter along 
with £ (« p,deai{0) ) and B (in Eqs.(l.lO), (1.11) and (1.7)). The range of fit is selected within 
200 (rs ©d/2) - 600 K for all the alloys. Despite the fact that the integrand of Eq.(1.7) 
is a well-behaved function having no singularity for all z, the integration can not be carried 
out analytically. We have evaluated the integral of Eq.(1.7) numerically using DOIAHF (1-D 
quadrature, adaptive, finite interval and strategy due to Patterson) NAG Routine which is 
suitable for any well-behaved function. A non-linear least-squares method is employed for 
fitting the experimental p(T) data to Eq.(l.lO) (parallel-resistor model). In Table 3.3 we 
have listed all the fitting parameters, namely, e, B and psat and the values of frr the six 
7 -Fe 8 o_xNixCr 2 o, (14 < x < 30) alloys. 

Figure 3.9 plots the experimental p(T) data (dots) alongwith the best-fitted curves (con- 
tinuous line) using Eq.(l.lO) for the alloys with x = 23, 26, and 30 in the temperature range 
of 200 to 600 K. The excellent quality of fit is obvious from the indistinguishability between 
the data and the best-fitted curves. The inset of Fig.3.9 shows the temperature dependence 
of a typical percentage deviation of the data (x = 23) from the best-fitted values. Figure 
3.10 is the same as Fig.3.9 except that it is for the samples with x = 14, 19, and 21. In the 
inset of Fig.3.10 we have shown a typical likelyhood distribution of the relative errors P(^ 
) for these kinds of fits for x = 19. Generally, for a perfect fit and negligible experimental 
error ( ideal condition), one gets a very narrow peak, centered around ^ = 0. This follows 
a Gaussian - like (normal) distribution. However, in our case, the plot has some spread with 
secondary maxima which appear at both the positive and negative sides of ^ = 0. We have 
drawn a smooth curve which follows a Gaussian - like distribution with a peak at ^ = 0 and 
a full width at half maximum (FWHM) 4 x 10“^ . We have mentioned in Chapter 2 that 
the accuracy of our experimental data at the higher temperatures is about 5 parts in 10^. So 
the FWHM resulting from this kind of fitting procedure and the order of (~ lO"’’’) given 
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Figure 3.9; Experimental (dots) p vs T plots of Fe 8 o-xNixCr 2 o (x = 23,26, and 30) alloys in 
the temperature range between 150 and 600 K. The best-fitted curves (solid lines) for the 
alloys are plotted using Eq.(l.lO) (parallel-resistor model). The inset shows the temperature 
dependence of a typical percentage deviation of fit for x = 23. 
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Figure 3.10: Experimental (dots) p vs T plots of Fe 8 o-xNixCr 2 o (x = 14,19, and 21) alloys in the 
temperature range between 150 and 600 K. The best-fitted curves (solid lines) for the alloys 
are plotted using Eq.(l.lO) (parallel-resistor model). The inset shows a typical likelyhood 
distribution of the relative errors [P(^)] of the fit for x = 19. 
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Figure 3 11 Ni concentration (x) dependence of the fitting parameters e and B of Eq.(l.lO) 
(parallel-resistor model) of Feso^.Ni^Crjo (14 < x < 30) alloys. The solid hires are just guides 

to the eye. The inset shows the concentration (x) dependence of psat- 
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Table 3.3: Ni concentration (x) dependence of the fitting pa- 
rameters for the p(T) data to Eq.(l.lO) of the parallel-resistor 
model and the values of The range of fit is taken between 
200 and 600 K for the 7 -Fe 8 o-xNixCr 2 o (14 < x < 30) alloys. 


Ni 

x(at.%) 

— PideaK®)] 
(pQ cm) 

B 

(lO'^fl cm) 

Psat 

(pQ cm) 

(10-^) 

14 

66.2 

2.0 

252.7 

5.9 

19 

85.0 

2.1 

234.1 

3.4 

21 

92.1 

2.8 

225.0 

2.8 

23 

117.6 

3.1 

205.8 

1.4 

26 

131.8 

3.1 

223.7 

5.1 

30 

142.5 

3.4 

183.0 

3.0 


in Table 3.3 are clearly of the same order as the experimental accuracy. The high quality of 
this fit indicates that the parallel-resistor model can reproduce reasonably well the saturation 
behaviour of p in our 7 -Fe 8 o-xNixCr 2 o alloys at high temperatures. 

From Table 3.3 we observe that (i) the values of the parameter e (p,deai(0) of Eq.(l.ll)) 
increase with Ni the concentration (x) (shown in Fig.3.11), (ii) the parameter B, which is the 
strength of the Bloch- Wilson’s electron - phonon interaction in the presence of s-d scattering 
term, increases ((2.0 - 3.4) x 10~^Q cm) with the Ni concentration (x) (shown in Fig.3.11), 
and (iii) the saturation values of the resistivity, psat, differ ( (183 - 253) fj,Q cm) from each 
other for various alloys. The inset of Fig.3.11 shows the concentration (x) dependence of psat- 

Whether the values of these fitting parameters are physically meaningful has to be seen. 
Using Eq.(1.12) and the best-fitted parameters e [=Pideai(0)] and psat, we have obtained the 
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value ofp(O) which are within 10% of our measured p(lOK) for all the alloys. Also, the strength 
of the Bloch - Wilson interaction term, B, is enhanced with the increase of Ni concentration 
(x) at the cost of Fe. This may be attributed to the enhancement of the electron — phonon 
scattering due to possible changes in the density of the d-states at the Fermi level. The values 
of Psai decrease roughly linearly with the Ni concentration . If we assume a single value of 
Psat wdth some fluctuations, then on averaging the best-fitted values for all the alloys we get 
Psat ~ (220 ± 30) pQ cm. However, the validity of having a single value of psat for the entire 
concentration (x) is not very clear. Some of the experimental results[8, 16] support mulitple 
values of psat for a range of concentrations. 

We have also examined our experimental data in the light of the ion - displacement model 
of Ron et al.[17] through non-linear least-squares fits to Eq.(1.14). We have kept Pm, D and 
To as adjustable parameters in the range of 200 - 600 K. Figure 3.12 plots the experimental 
data (dots) and the best-fitted curves (continuous lines) for alloys with x = 23, 26, and 30. 
The typical percentage deviation is shown in the inset of Fig.3.12 for x = 23. Figure 3 13 and 
its inset are the same as Fig.3.12 except that they are for x = 14, 19, and 21 alloys and the 
inset is for x = 21. We have summarized in Table 3.4 the values of the fitting parameters pm, 
D and To as well as the values of obtained from fitting the data to Eq.(1.14). 

The following features can be observed from the table ; 

(i) No unique value of the saturation resistivity (pm) is found, very much like the earlier case 
of the parallel - resistor model, pm varies from (148 - 176) pQ cm in these alloys. The range 
of this Pm is smaller than that of psat ( (183 - 253) pQ cm) as found from the parallel-resistor 
model. In the inset of Fig.3.14 we have shown the comparative plots of Pm and Psat as a 
function of p(lOK) for all the alloys. The nature of both the plots is more or less similar 
though their absolute values differ. 

(ii) The values of the electron - phonon scattering coefficient D lie between (0.12 - 0.16) 
pO cm K“^ . 
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Figure 3.12. Experimental (dots) p vs T plots alongwith the best-fitted curves (solid lines) 
using Eq.(1.14) (lon-displacement model ) in the temperature range between 200 and 600 K 
of Fego-xNixCrao (x = 23, 26, and 30) alloys. The inset shows the temperature dependence of 
a typical percentage deviation of the fit for x = 23. 
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Figure 3.13: Experimental (dots) p vs T plots alongwith the best-fitted curves (solid lines) 
using Eq.(1.14) in the temperature range between 200 and 600 K of Fe 8 o-xNixCr 2 o (x = 14,19, 
and 21) alloys. The inset shows the temperature dependence of a typical percentage deviation 
of the fit for x = 21. 
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Table 3.4: Fitting parameters for the p(T} data to 
Eq.(1.14) of the ion-displacement model and the val- 
ues of The range of fit is taken between 200 and 600 
K for the T-Fego-xNixC rao (14 < x < 30) alloys. 


Ni 

x(at.%) 

Pm 

(pQ cm) 

D 

((pQ cm K-i) 

T„ 

(K) 

(10-^) 

14 

176.3 

0.149 

823.0 

7.9 

19 

168.4 

0.133 

786 9 

3.6 

21 

165.8 

0.163 

608 7 

2.5 

23 

160.3 

0.139 

603.8 

8.3 

26 

174.7 

0139 

648.6 

6.1 

30 

147.9 

0.119 

557.7 

1.9 


(iii) The fitted values of the characteristic temperature To decrease monotonically from 
« 825 to 600 K as the Ni concentration (x) and p(lOK) increase. This is shown in Fig.3.14. 
Equation (1.14) of the ion-displacement model can be written as 

Pm — p(0H) P D To , (3.1) 

putting T = 0. To is the characteristic temperature at which the average ion-displacement 
first becomes comparable with the distance between the zeroes of the electronic wavefunction. 

The form of Eq.(3.1) tells us that the static and thermal disorders play equally important 
roles in determining the resistivity saturation. 

(iv) The values of ranges from (1.9 - 8.3) x 10~^ in these fits to the ion-displacement 
model (Eq.(1.14)) and are consistent with the experimental accuracy. The order of x^ as well 
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Figure 3.14: Plot of the variation of To with p(10 K)( experimental) for Fego-xNixCrao (14 
< X < 30) alloys. To is the characteristic temperature in Eq.(1.14) of the ion-displacement 
model. The inset shows the comparative variation of pm and Psat (from Eqs.(1.14) and (1.10), 
respectively) with Ni concentration (x). The dashed lines are just guides to the eye. 
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as the percentage deviation indicate that the ion-displacement model is also a strong candidate 
which can explain our experimental high-temperature p(T) data reasonably well 

Mott and others[18] calculated the saturation value of resistivity Psat using the Kubo 
Greenwood formula with the condition that the electron mean free path is as small as the 
lattice spacing (I ~ a) in the strong-disorder limit and found that 

c^sat — Psat ~ (0.33e /ha) . (3-2) 

Mott also claimed that a similar result like that of Eq.(3.2) can be found from the Boltzmann 
formula assuming spherical Fermi surface (free electron model). Gurvitch[19] had generalized 
the form of Eq.(3.2) considering ol free electrons per cubic cell a^ and wrote a modified relation 

asat = ^.ZZo^’^e^jha , (3.3) 

or, 

Psat = 1-29 X 10^®/(n^/^c) , (3.4) 

where the electron concentration n is in cm“^ and the lattice spacing a is in A. We have 
estimated psat in our alloys using the value of n = (6-7) x 10^^ /cm®, as found from the 
recent Hall effect measurements [20] at room temperature and the lattice spacing ’a’ of 3.58 A 
obtained from our XRD measurements. Substituting these values in Eq.(3.2) we obtain psat 
215 i£i cm. This is in excellent agreement with our average value of psat (~ 220 /if2 cm) using 
the parallel - resistor model. However, this value is a bit higher than the average Psat 165 
cm) obtained from the ion - displacement model. It was mentioned earlier at the end of 
Sec.3.1 how Psat was estimated from the extrapolation of the plot of TCR vs p (Fig.3.4) to 
TCR = 0 giving the value of psat ~ 180 \£i cm. This agreement is very satisfying since the 
value of Psat is found here by mere extrapolation of the experimental data independent of any 
model. Thus the values of Psat, derived from our experiments using the parallel-resistor and 
the ion-displacement models, are more or less in good agreement with the theoretical value 
obtained from Eq.(3.4) in this system of disordered alloys. 
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The values of the electron - phonon scattering term D in the ion-displacement model are 
found in the range (0.12 - 0.16) fiQ, cm as given in Table 3.4. In the high-temperature 
limit, the form of pph(T) in Eq.(l.ll) of the parallel-resistor model reduces to /3T where /? = 
B / (2 0 d) in Eq.(1.7) of Wilson model[14] for transition metals. Substituting ©0 = 400K 
and the values of B from Table 3.3, we get ^ in the range of (0.25 - 0.40) fxQ cm K-\ With 
alloying the density of states [N(Ef )] at the Fermi level (Ep ), the Fermi velocity (vp ) and the 
electron - phonon coupling constant (Atr ) are not expected to vary significantly. Therefore, 
it is possible to estimate /?, atleast roughly, in our alloys employing the theoretical[21, 22] 
relation 


d-irkBXtT 

.hNiEp) <VF>^e^\ ’ 


(3.5) 


where is the Boltzmann constant and h the Planck’s constant. As we have mentioned 
earlier, to the best of our knowledge there is no band theory calculation available for these 
systems of ternary 3d-transition metal alloys. It is therefore difficult to estimate (5 from 
Eq.(3.3). Nevertheless, we have attempted to estimate ^ using N(E;r ) « 14 states j ev j unit 
cell as found from the low-temperature specific heat measurements in the temperature range 
of 4.2 to 45 K on similar FeNiCr alloys (concentrations are not exactly alike) by Pecherskaya 
et al.[15]. We have used the value of the transport electron - phonon coupling constant Atr = 
0.6 obtained from a different work of the same authors[23]. Substituting all these values in 
Eq.(3.5) one obtains p « 0.02 pfi cm . This value is roughly 10 times smaller than those 
obtained from the parallel-resistor (B / 2 ©d) and the ion-displacement (D) models. Although 
this theoretical estimate of P is very crude due to the lack of knowledge of the band structure, 
its value is not too far from those derived from our electrical transport measurements. 

We have also compared the values of psat (~ 200 pQ cm) obtained from our experiments 
with the theoretical value when these metallic systems approach Mott’s minimum metallic 
conductivity [18] regime (near to the metal-insulator transition). Mott has always made a 
distinction between the two situations , namely, conductivity ’cr’ when the electron mean free 
path approaches the lattice spacing {I ~ a) and the minimum metallic conductivity (as seen 
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in different metal-oxides). As mentioned earlier, Gurvitch[19] has shown that Csat (~ Psat ) 
is always larger than cTmin (~ 0.026e^/^.a, the minimum metallic conductivity) and has given 
a relationship between them [Eq.(1.13)]. We have estimated Omin using a = 3.58 A (e and h 
being constants) and find that our Ugat ~ 25 Umm- We have also evaluated the same factor from 
Eq.(1.13) using n = 6 x / cm^ (R-ef- 45) and a = 3.58 A and find that it is 20 and not 
25. Thus for the alloys under investigation, in the saturation regime (i ~ a), the conductivity 
is still much higher and is not at all close to Mott’s minimum metallic conductivity (amm ) 
regime. This observation supports Gurvitch’s argument[19]. 


3.2 Conclusions 

We have performed systematic electrical resistivity measurements on 7 -Fe 8 o-xNixCr 2 o (14 < x 
< 30) substitutionally disordered, crystalline, magnetic alloys. In the high-temperature region 
( T > 200 K) we observe a noticeable downward deviation of p from a linear temperature de- 
pendence. This is an indication of resistivity saturation in all these alloys independent of their 
low-temperature magnetic states in sharp contrast to the linearity of p(T) continuing even up 
to 300 K, as reported by Banerjee and Raychaudhuri[6]. Our study provides a rigorous test 
of all the theoretical models. In conclusion, we argue that the particular way in which the 
alloj^s approach saturation can be understood quite well on the basis of the parallel - resistor 
model. The phonon - ineffectiveness model has failed to explain this strong downward DEL 
of p at high temperatures, atleast in our alloys. The ion - displacement model also provides 
a consistent explanation of the DEL of p at high temperatures. However, every model has its 
own limitations. None of them provide a single constant saturation resistivity derived from 
the experimental data. One also does not know whether a unique saturation resistivity or a 
number of them is desirable for the entire range of concentration (x) of this particular alloy 
system because of insufficient theoretical inputs. Further, we conclude that the crgat in these 
alloj^s are much higher than those expected if this system approached the minimum metallic 
conductivity region (crmin)- Thus the two situations, namely, the conductivity ’cr’ when the 
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electron mean free path approaches the lattice spacing {I ~ a) and the minimum metallic con- 
ductivity, are not alike. Greater attention should be paid in the direction of the band - theor\' 
calculations m ternary 3d-transition metal alloys which ultimately will help in understanding 
the transport properties of these systems in a more quantitative manner. At low temperatures, 
we conclude that the dependence of p of these magnetic alloys in the long-range (FM or 
AFM) regime mainly arises from the electron - magnon (spin wave) scattering. The latter 
also provides a more consistent picture for the entire range of x. We also find that the Baber 
mechanism is too small to explain this low - temperature behaviour. We further conclude 
that for the alloys (x = 19 and 21) in the SG regime, the contribution becomes somewhat 
smaller (as it should be) and an additional contribution, which arises from the electron - 
phonon scattering in the presence of s-d interaction, plays an important role in the behaviour 
of the low-temperature p(T). 
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Chapter 4 


Low-field magnetoresistance and 
magnetization and their correlations 


As mentioned in Chapter 1 , the magnetic phase diagram[l] had been established in Fego-xNix 
Cr 2 o (10 < X < 30) alloys through dc-magnetization, magnetic neutron scattering and ac- 
susceptibility measurements. As x is increased the system undergoes a compositional phase 
transition from long-range antiferrromagnetism (x = 10 — 14) to spin-glass (17-21) to mixed 
ferromagnetic and spin-glass (23-26) to long-range ferromagnetic phase (30) within the same 
crystallographic f.c.c. 7 -phase. The cusp-like peak in ac-susceptibility and the thermomagnetic 
history dependence of dc-magnetization (M) are evidences for the spin-glass (SG) phase below 
the transition temperature of Tsg — lOJT in x = 17 — 21 . The ferromagnetic interaction is 
already significant in x = 21 . The alloys with x = 23 and 26, besides showing all the above 
characteristics of a below Tsg = 20 and 7K, respectively, are also found to have long- 
range ferromagnetic (FM) order down to the lowest temperature {A.2K) as evidenced from the 
M — H measurements with spherical samples with known demagnetization factor. The latter 
experiment provides the only proof for a possible co-existence of a transverse spin-freezing and 

^This chapter is mainly based on the published work by T. K. Nath and A.K. Majumdar, J Appl. Phys. 
70 (10), 5828 (1991), T. K. Nath, N. Sudhakar, A. K. Majumdar and E. J McNiff, Annual Report of MIT 
National Magnet Laboratory, page 78, 1992. 
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a longitudinal long-range ferromagnetic order below Tsg- This is very similar to the Gabay- 
Toulouse[2] mixed phase rather than the re-entrant SG phase below the second transition. 
For T > Tsg j these alloys are purely FM till their respective Curie temperatures of Tc = 35 
and 56K, respectively. 

Magnetoresistance (MR) measurements are supposed to throw new light on or confirm the 
proposed magnetic phase diagram in the sense that each of the above phases has character- 
istic field, temperature and orientation dependence of MR. Conversely, the present system 
of concentrated alloys form an interesting set where one could study the MR behaviour of 
almost continuously varying magnetic phases originating from competing interactions within 
the same chemical constituents and crystal structure. With the above motivation in mind we 
have taken up MR [Ap/p = {p{H) — p(0)}/p(0)] and dc-magnetization studies in the alloys 
with x=21, 23 and 30 to start with. For canonical[3] SG’s (AuMn, CuMn, ApMn, etc.) the 
MR is isotropic and negative and varies as q:{T)H^ at low fields, a is roughly independent of 
temperature below Tsg aiid then falls off with temperature. Over a wide range of temperature 
and magnetic fields Ap/p is found to be roughly proportional to M^, rather than to H^. Due 
to the spin-orbit interaction present in a FM, the MR should be anisotropic at low fields. 
At high fields it becomes negative. The magnitude of the slope [{l/p)dp/dH] decreases with 
decreasing temperature since there is less electron-magnon scattering for T -C Tc- We have 
measured Ap/p and M vs H zX several temperatures on the same piece for each composition 
for more meaningful possible correlations between them. Arrott plots (M^ vs H/M) at the 
lowest temperature in each sample would indicate the presence of long-range FM order, if 
any. This will be of vital importance in confirming the FM order (non-zero value of sponta- 
neous magnetization in the absence of any magnetic field) in the possible mixed-phase alloys 
with a: = 23 and 26 and the FM alloy (x=30) close to the critical concentration region for 
long-range order. 

AuFe binary alloys[4] in the Au-rich region is a similar system which shows SG behaviour 
below the percolation concentration (~ 15 at.%Fe). Above 15 at.%F’e, it goes from a param- 
agnetic to a ferromagnetic to a mixed ferro-spin-glass phase as the temperature is lowered. In 
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the latter state the M R is found to be negative and isotropic and varies slower than H below 
Tc. 

Here we have presented a comprehensive study of magnetoresistance (MR) of the crystalline 
Fe-rich 7 -phase Fe alloy series Fego-xiVz.Crso 14 < x < 30. As mentioned in Chapter 1, the 
dominant contribution to the MR is a band contribution (as predicted by Kohler s rule) . 
How^ever, in this particular magnetic alloy system having high concentration of 3d atoms with 
competing exchange interactions, the contribution from magnetic effects will be dominant. 
Suppression of spin-flip scattering with the application of a magnetic field along with magnetic 
domains effects and spontaneous magnetization complicate the MR of this particular class of 
alloys in the vicinity of the critical composition for the long-range magnetic ordering 

4.1 General features and comparative study of low- field 
magnetoresistance and magnetization of Fe-Ni-Cr 
series 

(a) In Figs.4. 1(a) and 4.1(b) we have shown the longitudinal (^)|| and transeverse {^)± 
magnetoresistances of the alloy with x=30 (FM) in the temperature range of 11 - 150 K and 
up to a field of 16.5 kOe. The MR in both the orientations is negative and varies slower than 
H below' 50 K. (Ap/p)j. at 11 K and a field at 16.5 kOe is only « 0.17%. Above 50 K the 
MR becomes positive and shows a normal (^ ~ H^) magnetoresistance behaviour (Kohler 
type) till 300 K. Figure 4.2 (a) shows the comparative plots of both the orientations at several 
temperatures ranging from 11 K to 50 K. It can be clearly seen that |(^)±| is always greater 
than |('^)||[) i-6., a small but finite anisotropy is indeed present till T = 50 K. The typical 
value of the anisotropy of the MR here (= [|(^)||| - |(^)x|]) is 0.04% at T = 11 K and at 
magnetic field of 16.5 kOe. This value of anisotropy of MR in x = 30 (FM) is very small in 
contrast to the much larger values for a homogeneous FM. In the inset of Fig. 4.2(b) w'e have 
showm the behaviour of both the LMR and the TMR of x = 30 in a very small field range of 
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Figure 4.1: Magnetic field (H) dependence of (a) longitudinal ((^)ii) 
and (b) transverse ((^)x) magnetoresistances at various temperatures for 
FesoNiaoCrao (FM) alloy. 
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Figure 4.2: (a) Comparative plot longitudinal (L) and transverse (T) Magne- 
toresistances showing the anisotropy of MR for x=30 alloy at various tempera- 
tures. (b) Same plot for the alloy with x=30 and 23 at 11 K. The inset clearly 
shows the anisotropy in the low field range (0 - 1000 Oe) for x = 30. 
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0 to 1 kOe at 11 K. The LMR is positive and at low fields with a maximum at H 
= 130 Oe, followed by a sharp decrease < 0) eventually going to a large negative value 
(^ < 0) at higher fields. The TMR shows a continuous decrease and ^ < 0) till the 
highest measuring field of 16.5 kOe. The reproducibility of these observations at very low 
fields showing small anisotropy has been confirmed through several measurements. The 
origin of such an anisotropy term (Apy — Apx)/po at the lowest fields and temperatures can 
be associated with the domain orientation in ordinary FM’s like Ni and also in NiMn (21 at.% 
Mn) alloy near the percolation threshold[5]. 

The field dependence of magnetization at several temperatures (isotherms) for x = 30 
has been presented in Fig.4.3 up to a field of 16.5 kOe. We observe a clear tendency towards 
saturation but true saturation is not achieved even at the highest field (16.5 kOe) at the lowest 
temperature (19 K). The field dependence of magnetization at 19 K is found to be given by 
M a in the field range of 2 - 16.5 kOe. With the increase of temperature, this alloy 
eventually evolves towards a PM phase {M oc H) beyond 200 K as clearly seen from Fig.4.3. 
Arrott plots (M^/^ vs (H/M)’-/'’', keeping = 0.5, and 7 = 1 (the mean-field values of the 
critical exponents) for x = 30 is shown in Fig. 4.4. We find a set of parallel lines having both 
positive and negative intercepts on the M^-axis from which Tc can be estimated to be 135 K. 
The large positive intercepts in Arrott plots at lower temperatures confirm its FM state (large 
spontaneous moment at Hmt = 0). 

(b) Figure 4.5 is a plot of the LMR [(^)||] as a function of H at several constant temper- 
atures (isothermal) for x = 26 (mixed phase or re-entrant phase) in the temperature range of 
11 K to 75 K and up to a field of 16.5 kOe. In this alloy also the MR is negative till 75 K 
and varies slower than H. (^)|| a,t 11 K and a field of 16.5 kOe is 0.18%. In Fig. 4.6, we 
have shown several isothermal M-H plots in the temperature range of 19 - 250 K. The plot 
at 19 K and fields up to even 16.5 kOe has a lot of curvature indicating lack of saturation of 
the magnetization. The functional dependence of this plot was obtained from the fit to M oc 
H° ^ in the field range of 2 - 16.5 kOe. The Arrott plots (not shown here) show large positive 
intercepts on the M^ -axis which confirms the FM ordering below 60 K. 
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Figure 4.4: Arrott plots at various temperatures for Fe 5 oNi 3 oCr 2 o (FM) 
alloy confirming the presence of large spontaneous moment. 
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Figure 4.5: Magnetic field (H) dependence of longitudinal ((^)||) mag- 
netoresistance at various temperatures for Fe 54 Ni 26 Cr 2 o (Mixed phase) 
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Figure 4.6; M-H isotherms of Fe 54 Ni 26 Cr 2 o (Mixed phase) alloy at various 
temperatures in the field range of 0 to 16.5 kOe. 
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(c) Figures 4.7(a) and 4.7(b) show the field dependence of longitudinal and transverse 
magnetoresistances, respectively of the alloy with x=23 (mixed phase). We also observe that 
the MR of this alloy is negative, isotropic and its magnitude increases with field and decreases 
with temperature in the range of 11 - 50 K. The MR at 100 K and above becomes positive 
(normal magnetoresistance). The value of the negative TMR at 16.5 kOe and at 11 K is 
0.35% It varies slower than H and depends strongly on temperature below 50 K. This kind 
of behaviour is similar to that of concentrated AuFe (18 at.% Fe)[4, 5, 7] and NiMn (21 at.% 
Mn) alloys[5, 8] in the mixed-phase regime. This is in contrast to the low-field dependence 
of MR in AuFe (2.9 at.% Fe)[3]. This is also different from those of conventional FM’s where 
MR is linear in H and shows FAR. In Fig. 4.2(b) we have shown the FAR of x=23 (mixed 
phase) and x = 30 (FM) for comparison. With the decrease of Ni concentration (x) the value 
of the FAR decreases (i.e., as the composition moves away from the critical concentration for 
FM ordering, the anisotropy vanishes). 

Figure 4.8 shows the isothermal M vs. H plots for the alloy with x=23 (mixed phase). 
Even at 19 K and at 16.5 kOe it hardly shows saturation. This behaviour is comparable 
to those of AuFe (17 at.% of Fe)[6] mixed-phase alloys. Toulouse had found theoretically 
that in the coexistance regime (mixed phase), the field dependence of magnetization at low 
fields is given by M oc This was derived considering the infinite range Ising model of 

Sherrington and Kirkpatrick and including an average FM interaction. In contrast, from our 
M-H measurements, it is found that for x=23 (mixed phase) at 19 K, M a even at 
fields extending up to 15 kOe. In Fig.4.9 M^ vs H/M curves (Arrott plot) are shown for x=23 
at several temperatures. We find for this mixed-phase alloy also a set of nearly parallel lines 
having both positive and negative intercepts on the M^-axis from which Tc is estimated to be 
50 K. The positive intercepts in this Arrott plot confirm the presence of FM ordering in the 
co-existence regime. Had it been in a pure SG phase there would not have been any positive 
intercept. The SG freezing of this mixed-phase alloy has already been established from the 
therm omagnetic history dependence of dc-magnetization[l]. So we conclude that in the mixed 
phase-regime, SG and FM orderings indeed co-exist. 
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Figure 4.7: Magnetic field (H) dependence of (a) longitudinal ((^)||) and (b) 
transverse ((^)x) magnetoresistance at various temperatures for Fe57Ni23Cr2o 
(Mixed phase) alloy. 
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Figure 4.8: M-H isotherms of Fe57Ni23Cr2o (Mixed phase) alloy at various 
temperatures in the field range of 0 to 16.5 kOe. 
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Figure 4 . 9 : Arrott plots at various temperatures for Fe57Ni23Cr2o (Mixed 
phase) alloys confirming the presence of ferromagnetic ordering below 

Tsg- 
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(d) Figures 4.10(a) and 4.10(b) show the field dependence of the LMR and TMR at several 
temperatures for the alloy with x = 21 (SG). It is important to note that at each temperature 
the curves in both the orientations are indeed identical (completely isotropic, FAR fts 0) within 
the resolution of our experiment. The curves at 100 K and above show positive normal 
magnetoresistance. Below 50 K, the MR varies slower than H. The value of the TMR is Ri 
0.4% at 11 K and at 16.5 kOe and is rather large in comparison with those of the other 
alloys (x) Figure 4.11 shows the field dependence of the magnetization of x=21. At the 
lowest temperature (19 K), the M-H plot does not show any tendency of saturation due to 
the strong competing interactions between FM and AFM exchange couplings (also seen in, 
say, AuFe with 4-8 at.% Fe impurity)[9]. At 19 K, M oc till 15 kOe. The Arrott plot of 
this alloy at 19 K does not show any spontaneous FM ordering (no positive intercept on the 
M^ -axis) and rules out any FM ordering at this temperature. 

(e) In Fig. 4.12, the low-field LMR [(^)ii] at several temperatures are shown. Its value 
at 11 K is « 0.26 %. At the lowest temperature ^ varies slower than H. However, at higher 
temperatures it varies faster than H. This kind of behaviour has also been found in AuFe alloy 
(8 - 13 at.% of Fe)[10]. The MR above 100 K becomes positive (normal MR). 

The M-H plots (Fig. 4.13) of this alloy (x=19) resembles those of x =21. At the lowest 
temperature (19 K) M oc The Arrott plots of this alloy do not have any positive 

intercept on the M^-axis even at the lowest temperature which confirms the absence of any 
FM ordering (no spontaneous moment). 

(f) In Fig. 4.14 we have shown the field dependence of both the LMR and TMR [('^) vs 
H] for the alloy with x =14 (AFM) at 4.2 K. Initially the LMR increases with field followed by 
a maximum and ultimately it becomes negative. In contrast, the TMR is negative for all fields 
from 0 to 14 kOe. As mentioned in Chapter 1, as the magnetic field is increased, the LMR of 
polycrystaline AFM metals should change from positive to zero and finally to negative values 
where at boundaries between the regions the curve is rounded by the domain wall and 
polycrystalline effects. In this AFM (x = 14) the field dependence of the LMR exhibits a similar 
behaviour and is consistent with studies on other AFM alloys, viz, Nd by Nagasawa[ll]. 
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Figure 4 11: M-H isotherms of FeggNisiCrso (Spin glass) alloy at various tem- 
peratures in the field range of 0 to 16.5 kOe. 
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Figure 4 . 12 : Magnetic field (H) dependence of longitudinal ((^)i|) magnetore 
sistance at various temperatures for Fe6iNii9Cr2o (Spin glass) alloy. 
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Figure 4.13: M-H isotherms of FesTNiigCrao (Spin glass) alloy at various tem- 
peratures m the field range of 0 to 16.5 kOe. 
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Figure 4.14: Magnetic field (H) dependence of longitudinal (Long.) and trans- 
verse (Trans.) magnetoresistances at 4.2 K for FeeeNiuCrao (Antiferromag- 
netic) alloy. 
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Figure 4.15: M-H isotherms of Fe 66 Nii 4 Cr 2 o (Antiferromagnetic) alloy at vari- 
ous temperatures in the field range of 0 to 16.5 kOe. 


Figure 4.15 shows the field dependence of magnetization of x=14 (AFM). At the lowest 
temperature (T=19 K), M oc up to about 10 kOe above which it starts deviating from 
linearity. This may be associated with the spin-flop transition in this AFM alloy (x = 14) 
above 10 kOe. M-H plots of AFM alloys are much more linear as compared to those of SG, 
RSG and FM alloys. 

4.1.1 Magnetic field, temperature, and composition dependence of 
magnetoresistance of Fe-Ni-Cr series 

The magnetic field dependence of ^ of all the alloys under investigation heve been fitted to 
the relation 

^ = -a(T)H" 

P 

using a non-linear least-squares fit programme. We have also estimated the contribution to 
the MR from Lorentz force normal MR and find that it is negligible compared to the magnetic 
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term for all the concentrations in the field range of 1 - 16.5 kOe and temperature range of 11 
- 50 K Above 100 K the MR of all the alloys are positive where the normal MR dominates. 
In Table 4.1 we have summarized the values of n, a(T), and thl 50 K for all the alloys in 
the magnetic field range of 2 - 16 kOe. The values of 10~®) are consistent with our 

experimantal accuracy. From this table we observe that : 

(1) For the alloy with x = 19 (SG phase), the exponent of H, n = 0.8 at 11 K. The value of n 
increases with temperature. Above the ordering temperature (Tsg)> n increases continuously 
to values between 1 and 2. This indicates the existence of short-range correlations, since 
in a completely paramagnetic state, n is 2[4, 12]. In canonical SG’s[3] where spin freezing 
takes place because of random bond frustration (magnetic impurities are indirectly ferro- or 
antiferromagnetically coupled to each other via RKKY exchange interactions), the exponent 
(n) was found to be 2 with almost temperature-independent coefficient a below its freezing 
temperature. In this alloy (x=19) where the SG phase arises not due to RKKY exchange 
interaction mediated by conduction electrons but due to direct competiting FM and AFM 
exchange interactions (concentrated) SG), the value of n < 1. This kind of observation was also 
made in NiMn alloys[5] (only qualitative study) in the SG phase near the critical composition 
for ferromagnetism ( 25 < x < 28) . 

(2) In the case of x = 21 (spin-glass or cluster-glass phase), we find that n ~ 3/4 and is tem- 
perature independent as well. Here also we find n different from 2 unlike the canonical SG’s[3]. 
There are some recent reports on Au^iFeiz^f], Au85^ei5[10, 13] and Au82iFei-xCrj;)is[13] al- 
loys with 15 < X < 25 which find the same value of the exponent, n (« 0.75 ± 0.04) below 
the Tsg/cg phase. Moreover, they have referred our value[14] as the only available one for 
comparing their data for the concentrated alloys in the SG/CG regime. 

Since this alloy (x=21) is very near the mixed-phase or re-entrant SG-phase regime (x=23- 
26), it must have cluster-glass-like ordering below Tsgjcg- Hence the MR will have contribu- 
tions from both inter-cluster interaction which is of spin-glass-type and intra-cluster interaction 
which is ferromagnetic. The unique value of the exponent of H (n ss |) results from the above 
combined effects for all the alloys in the SG/CG regime. 
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Table 4.1: Values of the parameters n, and a (T) and also for the fits to 
Ap/p = —a{T)H^ at various temperatures for Feso-xNixCr 2 o (14 < x < 30) 
alloys in the field range of 2 to 16.5 kOe. 


Alloy 

(x) 

T 

(K) 

n 

a{T) 

(10“' kOe“”) 

(10-6) 

19 

11 

0.80 

2.8 

5.0 

(SG) 

25 

1.07 

0.8 

3.9 


40 

1.40 

0.2 

6.0 

21 

11 

0.74 

4.9 

15 

(SG) 

15 

0.77 

4.0 

31 


19 

0.76 

3.7 

9 


30 

0.78 

2.6 

18 


40 

0.73 

0.6 

82 

23 

11 

0.66 

6.0 

6.4 

(Mixed phase) 

17 

0.66 

5.5 

7.0 


20 

0.66 

4.6 

2.4 


25 

0.65 

47 

9.8 


30 

0.64 

3.9 

1.8 


35 

0.65 

4.6 

8.7 


45 

0.65 

3.7 

12 

26 

11 

0.54 

4.3 

6.0 

(Mixed phase) 

15 

0.53 

4.0 

9.0 


19 

0.48 

3.6 

8.5 


40 

0.52 

2.2 

8.8 


60 

0.27 

2.1 

12 


75 

0.19 

1.4 

21 

30 

11 

0.74 

2.4 

25 

(FM) 

20 

0.67 

6.7 

19 


30 

0.60 

1.4 

50 


50 

0.10 

1.3 

11 
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(3) For the alloy with x = 23 (mixed or re-entrant phase), the exponent of H is 2/3 and 
is independent of T up to 50 K which is above both T5(3 and Tc- This value of n is different 
from the value of | found for AuFe (18 at.% Fe)[4] for T < Tsg- There it depends strongly on 
temperature for T > Tsg- However, a recent study on Au82(Fei_:,Cr2,)i8 alloys for 0.05 < x 
< 1[10] which show RSG behaviour, the value of n is found to be 0.67 (± 0.02) or ~ | in the 
temperature range of 4.2 to 200 K (i.e., above both Tc and Tsg) and in the field range of 2 - 
45 kOe. It is interesting to note that in all these alloys the range of fit of - dependence 
of Ap/p extends beyond the Curie temperature. Moreover, in the same study [13], they have 
rechecked the data for Au82Fei8 (RSG) alloy and found that the value of n w | only between 
140 to 160 K which is close to its Tc (150.7 K). Below Tsg, n « 0.8 ± 0.2. They have also 
referred our value[14] as the only available one for comparing their data[l3] in the case of 
concentrated alloys in the mixed-phase (or RSG) regime. 

According to Balberg, the field dependence of MR of a weak ferromagnet at high fields is 
given by [12] 

Ap oc , 

provided (fiH/kT) 1 — ^ , where p is the magnetic moment of the ion, a the specific 
heat exponent, /3 and S are the critical exponents for spontaneous magenetization and critical 
isotherm, respectively. In the case of AuFe (RSG) alloys, magnetization [15] and non-linear 
susceptibility[16] measurements near the critical temperature show that the critical exponents 
are very close to those of 3d-Heisenberg systems[17]. Putting the values of the critical expo- 
nents for 3d-Heisenberg system, n (« ^^) is found to be 0.64 which is very close to the value 
found for our RSG alloys (?s |). 

So our present study along with the studies mentioned above reveal that ^ oc could 
be claimed as a characteristic feature of re-entrant spin glasses or mixed-phase alloys in the 
field range above their technical saturation. 

(4) For the alloy with x = 26 (RSG, very close to FM ordering), the value of n is found to 
be I in the temperature range of 11 -50 K and is temperature independent. This particular 
alloy is very close to the critical concentration for long-range FM ordering. The different value 
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of the exponent n compared to that in the RSG regime (n ss 2/3) can be attributed to the 
fluctuations due to the formation of large clusters along with the spin-glass freezing. 

(5) In the case of the alloy with x = 30 (FM phase), n varies strongly with temperature, 
a (T), the coefficient of is the strength of the MR. It decreases with temperature in all 
the samples. As mentioned in the earlier section, a small but finite anisotorpy (FAR)is found 
in the very low-field region (0 - 200 Oe) and at high fields (16.5 kOe) as well, the former FAR 
is about 0.01 %. 

In Fig. 4.16 (a) we have shown (^)\\ vs. H plot for all the alloys at 11 K for comparison. 
Each curve except for x = 19 has been shifted vertically by some amount for clarity. From 
this figure it is clear that with the decrease of Ni concentration (x), the curve become steeper. 
The value of (^)|| is found to be maximum for x = 21 ( SG phase, close to the critical 
concentration region x « Xc). 

In Fig.4. 16(b) we have shown the composition (x) dependence of the coefficient a (Table 
4.1) and the exponent, n at 11 K. The value of a increases with x, reaches a maximum at x 
= 23 and then decreases as the alloys approach long-range FM. The value of n decreases with 
X, reaches a minimum at x = 26 and then increases with x. 

Figure 4.17 (a) shows the temperature dependence of (^)|| for x = 30 (FM) at fields of 5, 10 
and 16.5 kOe. Above 50 K the sign of (^)|| changes from negative to positive. The decrease 
of the |(^)||| with the increase of temperature indicates an enhancement of the amplitude 
for spin-flip scattering of conduction electrons from localized moments of the magnetic ions. 
Figures 4.17 (b) and 4.18 (a) show the same plot for x = 23 (mixed phase) and x = 21 (SG) 
alloys, respectively. In Fig. 4.18 (b) the composition dependence of (^)|| has been shown at 
11 K for fields of 5, 10 and 16.5 kOe. It can be clearly seen from the figure that the magnitude 
of the MR is maximum in the SG regime (critical concentration x ss Xc). 

So we observe a definite trend of MR, cx and n with composition as the Fe-Ni-Cr sys- 
tem evolves from long-range AFM ordering to long-range FM ordering through the critical 
concentration region (x x^) where the maximum change of all the three quantities occurs. 
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Figure 4.18: (a)Temperature dependence of longitudinal MR of Fe 59 Ni 2 iCr 2 o 
(SG) and (b) Ni concentration (x) dependence of longitudinal MR for 
Fe 80 -a:Nia:Cr 20 alloys at 11 K. The curves in both the plots are at magnetic 
fields of 5, 10 and 16.5 kOe. 
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There are reports on MR of NiMn alloys[5, 8] with about 21-30 at % Mn (which are very 
near the critical concentration regime for FM ordering) in SG, RSG, and FM phases. In 
all these phases they have also found the field dependence of ^ to be slower than linear. 
However, no quantitative study has been made on those alloys. 

4.2 Correlation between low-field magnetoresistance and 
magnetization 

In this section we have studied the magnetization dependence of magnetoresistance of the 
Fe-Ni-Cr series. The diversity of magnetic states at low temperature manifests itself in the 
magneto-transport studies since in any magnetic system the MR probes the electron transport 
which is coupled to its magnetic state. If the alloy system is magnetically homogeneous, atleast 
on the scale of the electron mean - free path, a definite correlation between the magnetic 
property and its magneto-transport property is expected. 

To find out any meaningful correlation between ^ and M, we have carried out ^(H,T) 
and M(H,T) measurements under identical conditions (at same H and T) on the same piece 
for each compositions in this Fe-rich Fe-Ni-Cr series. Eliminating H between the two sets, 
namely, 

a and M oc , 

one gets 

oc at any temperature T. (4.1) 

Thus we can find ^ vs M at any temperature T without using any theoretical model. 
Figure 4.19 shows log vs log \M\ plot for x = 21 at various temperatures from 11-30 
K. Fitting the data to a straight line (x" « IQ-^) yields ^ oc over a wide range of 
temperature and field. However, the data above 30 K do not fall on this curve. In the case 
of X =23 (mixed phase) such plots yield the values of the exponent of M varying from 3.1 to 
2.0 as T changes from 19 to 45 K, thus showing no correlation between ^ and M. For x = 





log I Ap/p I 
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Figure 4.19: Log-log plot of transeverse magnetoresistance and magnetization 
at different temperatures for FesgNbiCrao (Spin glass) alloys. The slope of the 
plot gives I ^)|| I ~ M^-^. 
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Figure 4 20- Correlation between and M for Fego-^Ni.Crao alloys at 

1 - 20 K clearly showing a gradual evolution of MR as one goes from the 

long-range FM ordering towards the critical region (x ^ Xc) close to the SG 
regime. 


30 (FM), f (H) is strongly dependent on temperature while M(H) has a weak temperature 
dependence for T < Tc making the attempt of correlation meaningless. So for the FM alloy 
and also for the alloys in the RSG phase such dependence of ^ on M is not observed. This 

IS a very important observation because it shows that the MR of the RSG is more like that of 
a FM than that of a SG. 

For canonical spin glasses (e.g., AnFe, CuMn. etc.) where indirect RKKY interaction 
(Jrkky) between magnetic impurities dominates, it is known that 

— for ZFC (4.2) 

and ^oc(m,-hxi?)' for FC states, (4.3) 

where H, and m, are, respectively, the reversible susceptibility, the applied field and the 
remanent magnetization (m,., irreversible part). 
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Eq.{ 4.2) can be rewritten as 


~{H) = -a[M{H)f 


for homogeneous SG alloys. 


(4.4) 


In a similar way, for homogeneous randomly canted FM’s with non-zero spontaneous mag- 
netic moment, Senoussi[8, 7] suggested that 




-a[AP(H) - M2(0)], 


(4.5) 


where M(0) is the spontaneous magnetization in /i^/ion (estimated by extrapolation from 
measurements in strong enough fields to align the domains). 

The situation can be more complex, in particular, we can have a system with no spon- 


taneous magnetization but with FM short-range order (SRO) at low temperatures. If the 
ferromagnetic correlation length is of the order of the electron mean-free path, we can not 
expect any simple relationship between Ap and M(H). This will be the case near the critical 
concentration where the FM correlation length is expected to vary very rapidly as a function 
of the composition. 

As we have seen in earlier sections, that in all our alloys (FM, RSG, SG, etc.) in the vicinity 
of the critical composition (x Xc), the anisotropy [|(^)|i| — |(^)x|] is weak and there is a 
comparatively large isotropic contribution to the MR. We have made an attempt to correlate 
the isotropic part of the MR of each alloy with their magnetization. In any polycrystalline 
magnetic material with random initial domain orientations, the isotropic MR is defined by 


L P J iso 


(^)ll + 2(^)x 


( 4 . 6 ) 


In Fig.4.20 we have plotted [^]i 5 o(i?) vs. M(H), eliminating H from both, for all the alloys 
under investigation at T = 20 K. For the lower concentrations corresponding to the SG alloys 
(x = 19. 21), [^]„„ is exactly proportional to M^(H) showing that the alloys behave more or 
less as homogeneous spin glasses confirming the results of Senoussi[18]. However, for x = 23 
(mixed phase or RSG), there is a weak departure from the M^ behaviour. This becomes more 
severe for x = 26 (RSG). This change of behaviour is a precursor to the FM ordering. Finally, 
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Table 4.2: Ni concentration dependence of a, M(0), and 
oMq as obtained from the fit to Eq.(4.5). 


Ni concentrtion 

(x) 

a 

10® (emu/gm)~^ 

M(0) 

(emu/gm) 

aMS 

(lO-*) 

19 

1.40 

0 

0 

21 

1.19 

0 

0 

23 

0.84 

10.1 

8.5 

26 

0.36 

18.2 

11.1 

30 

0.23 

34.0 

26.1 


in the case of x = 30 (FM) one observes a behaviour which is almost the characteristic of a 
homogeneous canted FM state (Eq. 4.5) or atleast the state has started to set in. Fitting the 
data to Eq.( 4.5), one obtains a value of M(0) which is very close to the value of M where one 
observes technical saturation in the M-H curve (Fig.4.3). 

At low fields alignment of domains produces a rapid increase in M without affecting the 
resistivity as the domain size is much greater than the electron mean-free path. At higher fields 
(beyond technical saturation) once a single domain structure is established, the progressive 
alignment of individual moments of canted spins (which is manifested in the high-field slope 
of the M-H curve (Fig.4.3) beyond the technical saturation) dominates the MR behaviour and 
the M^ dependence (Eq.( 4.5)). 

We have fitted the data to Eq.( 4 5), viz, ^(H) = - M'^{0)] for all the samples 

at T = 20 K (shown in Fig.4.20) and the best fitted parameters are summarized in Table 
4.2. We find that for x = 19 and 21 (SG), the values of M(0) » 0 as expected. For x = 23 
and 26 (mixed phase or RSG) and 30 (FM), the M(0) values are very close to their values at 
technical saturation (Figs. 4.8, 4.6 and 4.3, respectively). The values of a decrease with the 
increase of Ni concentration as the system approaches long-range FM ordering through the 
critical concentration region (x 
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Figure 4.21: Temperature dependence of dc susceptibility Xdc (= dM/dH) 
Fe8o-iNiiCr2o (x = 21, 23 and 30) alloys at a field of 6 kOe. 


We thus conclude that the RSG’s (x = 23 and 26) are the precursor to the FM ordering. 
In the SG (x=19 and 21) alloys, ^ varies as as expected. For x = 30, the homogeneous 
canted FM phase sets in. For the RSG alloys there is a short-range FM ordering on the scale 
of electron mean-free path (~ 10 - 20 A). 

Figure 4- SO clearly shows a gradual evolution of MR as one goes from the long-range FM 
ordering towards the critical region (x ~ Xc) close to the SG regime. 

In Fig. 4.21 the temperature dependence of dc-susceptibility, Xdc (= ^) is shown at a 
field of 6 kOe which is above the technical saturation for all the three alloys. Each curve has 
got a sharp peak around their respective Tc or Tsg-, indicating a phase transition from 

paramagnetic to some other phase. As the temperature drops below Tc or Tsc-, Xdc decreases. 
In the case of a: = 30 the decrease is very rapid and Xdc goes to a significantly low value at 



142 


CHAPTER d 


low temperatures. This type of behaviour is similar to that of a conventional FM where Xdc 
drops to zero as T — )■ 0. In contrast, for x = 23, although Xdc drops below Tc, even at fairly 
low temperatures it remains high. So, just below Tc the system behaves as a FM, although 
all the spins are not fully aligned and as temperature goes down it looks like a ‘semi-sptn- 
glass' as found by Hamzic and Campbell[19] in concentrated AuFe (19 at.%Fe). For the alloy 
w'ith X = 23, there is an overall long-range order in a certain direction (say, z-direction) and 
a simultaneous freezing of spins in the transverse direction (xy-plane). These two phases, 
however, coexist over the entire volume of the sample as envisaged in the Gabay-Toulouse 
model[2]. In the case of the x = 21, the finite and large susceptibility below Tsa indicates 
S G-type of ordering. 


4.3 High-field (till 20 tesla) magnetoresistance study of 
Fe-Ni-Cr series 

We have also carried out longitudinal magnetoresistance [(^)||)(Ff)] up to fields as high as 
20 tesla in the temperature range of 4.2 - 60 K for Fego-iNijCrso (x = 14, 19, 26 and 30) 
alloys. The experiments were performed at the NML of MIT using a Bitter magnet (type 2Y, 
52.5mm bore, 41 k A maximum current for 20 tesla field) using liquid He^ as a coolant. The 
experimental details are already given in Chapter 2. 

However, the data except for the alloys with x = 26 and 19, suffer from lot of scatter. The 
typical accuracy for x = 26 is slightly better than 1 part in 1000 and for x = 19 it is better 
than 1 part in 750. The resolution of the data for the alloy with x = 14 and 30, being worse 
than 1 part in 50, forced us to discard them. 

In Fig.4.22 we have shown [(^)||)] vs. H for x = 26 (mixed phase) in the temperature 
range of 4.2 - 60 K up to a field of 20 tesla. In the earlier section, Fig.4.5 was the MR plot for 
the same alloy till 16.5 kOe where [(^)||)] was found to be negative having a typical value of 
0.18 % at 16.5 kOe at 11 K. Figure 4.22, where the same plot has been extended till 20 tesla. 
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Figure 4 . 22 : Magnetic field (H) dependence of longitudinal ((^)||) magnetore- 
sistance at various temperatures for Fe54Ni26Cr2o (Mixed phase) alloy in the 
field range of 0 - 20 tesla. 
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shows that [(^)||)] is negative at low fields, passes through a minimum at H^tn and becomes 
positive at higher fields. At higher temperatures the depth of the minimum reduces, the value 
of Yimin shifts towards lower fields and the MR [(^)||)] becomes more and more positive. It 
should be noted that above 75 K, [(^)||)] becomes completely positive (as shown in Fig.4.5) 
at all fields. This observation is also consistent with the current high-field study at higher 
temperatures. In Table 4.3, we have given the values of the depth of minima and B-mm- 

To the best of our knowledge no theory has been developed for any magnetic system so 
far which could explain these observations where an unknown positive (an additional excess 
spin-flip scattering) contribution appears or dominate at higher fields. Generally, with the 
application of a magnetic field, the amplitude of the spin-flip scattering (s-d interaction) of 
the conduction electrons with the magnetic ions gets suppressed because of the alignment 
of the magnetic spins. As a result all magnetic systems (except AFM) show negative ^ 
(H). Higher the field, more of the canted spins will be aligned. But beyond a certain field this 
anomalous (negative) contribution will be smaller compared to the normal (Kohler) MR which 
originates from band effects, (^) ~ , where — and r is the relaxation 

L\ ^ / normal J 

time. Higher the B, Uc and hence (^)normai will be higher and ultimately the latter dominates 
at the highest field. At the moment, we think that this might be a plausible reason which 
could explain the above observation. 

So the MR can be thought of as composed of one positive and one negative term which 
can be expressed as 



= aH^ - bH^ ( 4 . 7 ) 

The first term is due to the normal (Kohler) MR and the second term is the anomalous one 
(as discussed in section 4.1.1). a, b, and n are temperature-dependent adjustable parameters. 
In the low-field studies (till 16.5 kOe) (section 4.1) we have already observed the dominating 
H -dependence of the normal MR for all the alloys above 100 K. In this high-field investigation 
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Table 4.3: Temperature dependence of depth of minimum of MR, strength of field at which 
minimum observed and the parameters obtained from the fit to Eq.(4.7) for Fe-Ni-Cr 

alloys. 


Sample 

Depth of 
minimum 

Hmin 

(tesla) 

T 

(K) 

(10-^) 
(tesla) ^ 

b 

(10-2) 
(tesla) ” 

n 

(10-“) 

Range of 
field 
(tesla) 

Fe^4,Ni2&CT2o 

(mixed phase) 

0.702 

5.0 

4.1 

0.585 

0.375 

0.433 

5.1 

0-20 


0.620 

4.5 

8.1 

0.605 

0.358 

0.375 

9.7 

0-20 


0.315 

3.5 

20.1 

0.448 

0.229 

0.173 

7.0 

0-20 


0.046 

1.3 

60.1 

0.380 

0.002 

0.100 

7.5 

0-20 

FeQiNiiQCr2Q 

(spin glass) 

0.50 

6.0 

8.1 

0.279 

0.294 

0.386 

8.7 

0-19 


0.21 

4.5 

20.1 

0.312 

0.138 

0.458 

1.7 

0-19 




it is found that the positive contribution (H^-dependent) dominates only at higher fields (> 5 
tesla at 4.2 K) at low temperatures. 

In Table 4.3, we have listed the values of the fitting parameters (a,5,n), x^, and the field 
range of fit. Figures 4.23(a) and 4.23(b) show the field dependence of the individual contribu- 
tions from the normal and anomalous magnetoresistance, respectively at various temperatures. 

In Fig.4.24, the high-field [(^)[|)] plot has been shown for the alloy with x = 19 (SG) at 8.1 
and 20.1 K. These are the best fitted curves to Eq.( 4.7). The field dependence of individual 
contributions (normal and anomalous) are shown in Figs. 4.25 (a) and 4.25 (b), respectively. 
The fitting parameters are given in Table 4.3. 
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Figure 4.23: Magnetic field dependence of (a) normal and (b) anomalous con- 
tribution of MR for Fe54Ni26Cr2o (Mixed phase) alloy at various temperatures 
in the field range of 0 - 20 tesla. 
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Fe6iNii9Cr2o, Spin glass 
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Figure 4.24: Magnetic field (H) dependence of longitudinal ((^)ii) magnetore- 
sistance at various temperatures for Fe6iNii9Cr2o (Spin glass) alloy in the field 
range of 0 - 20 tesla. 
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So we find that the high-field MR data for x = 26 and 19 can he well described by Eq.( f."!) 
within the experimental resolution. j45 it stands we can assign the negative contribution es- 
sentially to some magnetic origin. 

As mentioned in Chapter 1, a part of the negative MR contribution can come from quantum 
interference effects (QIE) at low temperaures as observed in many highly disordered metallic 
glasses. So one might argue that the negative MR in these disordered alloys [psooK ~ (100-130) 
/iQ-cm)[20] might arise from QIE. The magnetoresistance due to electron-electron interaction 
effects (EEI) is positive [21] and so our observation of a negative magnetoresistance can not be 
explained through EEI effects. 

The MR due to weak localization is generally negative (in the absence of any spin-orbit 
interaction) . In the presence of a magnetic field the time reversal symmetry between the two 
time reversed paths (weak localization picture) breaks down. The electron waves traversing 
the two otherwise equivalent paths acquire a phase difference proportional to the enclosed 
area and the strength of the field. This destroys the constructive interference between the two 
counter propagating waves giving rise to a negative MR just as inelastic scattering produces 
a negative TCR at finite temperatures. 

The magnetocondutance due to weak localization effect can be estimated using Eqs. (1.19) 
and (1.20) and is given by 


M Ifi 


1/2 




0.9 Vh S/cm, 


{H in k Oe). 


(4.8) 

(4.9) 


We estimate the contribution to the magnetoconductance due to QIE at 5 tesla using the 
above relation and get Acttvl « 6.3 S/cm. At 5 tesla and T = 4.2 K, the typical observed 
change in conductivity Aa for x = 26 is 70 S/cm. Thus the contribution from the quantum 
correction term to the MR is very small (if present at all) compared to the magnetic contri- 
bution. Moreover, a very important point should be mentioned here that the presence of any 
small ferromagnetic impurity can destroy weak localization. In all these random magnetic 
alloys Ni is ferromagnetic and there are also strong FM interactions among some other pairs. 
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It is very unlikely that weak localization can persist in these magnetic alloys. So one has to 
be very careful in invoking QIE in these Fe-Ni-Cr alloys. 
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Chapter 5 


High-field (till 20 tesla) magnetization 
study of 7-Fe8o-xNia;Cr2o (14 < x < 30) 
alloys 


We had reported earlier[l] that the magnetoresistance (MR) of 7 -Fe 8 o_xNixCr 2 o (14 < x < 
30) alloys is negative till as high as 50 K in the field range of 0 - 2 tesla. A striking correlation 
between the magnetization and the MR was observed only in the SG alloys (x = 19,21) with 
^ oc The isotropic nature of the MR as well as the thermomagnetic history effect of the 

field-cooled (FC) magnetization[l, 2] confirmed the freezing of spins at the lowest temperatures 
in the alloys which have SG (19,21) and mixed (23,26) phases at those temperatures. The role 
of the different magnetic phases (due to short and long - range spin orderings) on electronic 
transport has been throughly investigated using p(T) measurements [3, 4] in this system of 
alloys. In Table 5.1, we have listed the values of their magnetic transition temperatures (Tc, 
Tf and Tjv). It was found from low and intermediate-field magnetization[l, 2] studies that 
the alloy with x=30, behaves like a distorted or inhomogeneous FM unlike the conventional 
FM’s. Isothermal magnetization curves, in the PM state of each alloy, have strong curvatures 

'This chapter is mainly based on the work by T. K. Nath, N. Sudhakar, E. J. Mcniff, and A.K. Majumdar, 
accepted for publication in Phys. Rev. B, 1997. 
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even at temperatures much higher than their respective transition temperatures. Also their 
M-H curves did not show any tendency of saturation even till 6 T and down to 4.2 K[2]. 

The motivation behind the present investigation is to seek answers to the following ques- 
tions : What are the very high-field magnetic responses (xhf) of these wide varieties of 
magnetic phases (FM, mixed, SG and AFM) in these alloys which are very close to the critical 
concentration range and in which very strong competing exchange interactions exist ? Is it 
possible to find in them distinct functional relationships between the magnetization and the 
very strong magnetic field ? What is the saturation magnetization (JL^) in this system and does 
it follow the Slater- Pauling curve ? What are the values of the saturation magnetic fields ( 
g/isH >> kT) in these magnetic phases ? Whether the very high-field magnetization processes 
can be described resonably well with the law of approach to saturation ? What are the roles 
of the intrinsic fluctuation of material parameters as well as the magnetic and local anisotropy 
on the high-field magnetization processes ? What is the nature of ferromagnetism that exists 
in the alloys which are beyond the critical concentration range and in which long-range FM 
starts appearing (x = 30,26 and 23) ? Whether this kind of weak inhomogeneous FM can 
be described resonably well by the localized model or Stoner’s itinerant electron model [5] ? 
Whether the temperature dependence of the demagnetization processes for the FM alloy with 
X = 30 can be described in terms of excitations of long-wavelength spin-waves at low tem- 
perature ranges ? What is the value of the spin-wave stiffness constant (V) for this alloy and 
how does it compare with the standard FM’s like Ni, Fe and strong FM amorphous metallic 
glasses ? Whether the Stoner single-particle excitations also contribute to the demagnetiza- 
tion process in this alloy together with spin-wave (magnon) excitation ? Is it a strong or weak 
FM ? Does the long-range FM ordering coexist with the SG freezing as envisaged in the G-T 
model[6] in the mixed phase alloys (x=23,26) below the second transition temperature or is 
it more likely to re-enter into the pure SG phase without any long-range ordering from the 
FM phase at higher temperatures ? Do the alloys which have pure SG freezing (x=19,21) at 
low temperatures are similar in response dynamics of the frozen spins as seen in archtypical 
spin-glass systems like CuMn, AuFe, etc. from dilute to critical concentration regime (14 at.% 
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of Mn and Fe)[7, 8] at 4.2 K ? What is the long-range AFM structure[9] in the case of the 
alloy with x=14 which has an fee crystallographic structure (resembling 7-Fe[10, 11]) ? What 
are the effective molecular field coefficients (71) for the 1st and 2nd nearest neighbours as well 
as the effective field exchange interaction (Jj) between the ith neighbours inside the different 
sublattices ? Does this AFM structure show any kind of spin-flop transition because of the 
canting of antiferromagnetic spins in the strong external magnetic field ? If yes, what is the 
nature of the magnetization process beyond the spin-flop transition ? 

In this work we have performed a systematic isothermal high field dc-magnetization (M- 
H) measurements up to fields as high as 20 T at different temperatures between 4.2 to 60 K 
for the alloys under investigation as well as the strong amorphous FM Fe5Co5oNii7Bi6Sii2[12]. 
In addition to that we have also carried out M-H measurements with higher accuracy in the 
low-field region up to a field of 2 T at several temperatures between 19 and 300 K. We have 
performed low field M-T measurements in the temperature range between 19 and 700 K to 
examine the presence of any short-range clustering or frozen moments in PM states as well 
as to estimate the average magnetic moment per spin (qc) at high temperatures when all the 
alloys are in purely PM state. For spin-wave analysis for the alloy with x = 30, we have carried 
out a very careful M-T measurements at each 100 mK in a magnetic field of 10 KOe. 


5.1 RESULTS and DISCUSSION 

5 . 1.1 General features of the high-field M-H curves between 4.2 
and 60 K and low-field M-T curves between 19 and 700 K 

In Fig. 5.1 we show the high— field dc-magnetization (M-H) curves of substitutionally disor- 
dered 7-Fe8o-xNixCr2o alloys with x = 14, 19, 26 and 30 up to a field of 20 T at 4.2 K, which 
is much below their respective transition temperatures (Tc, T/ and Tjv given in Table 5.1). 
We also show the M-H plots of the amorphous FM metallic glass Fe5Co5oNii7Bi6Sii2[12] at 
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4.2, 8 and 20 K for comparison. From the high-field M-H curves at 4.2 K and also at several 
higher temperatures (not shown) the following observations are made : 

1. The magnetization of the alloy with x = 30 approaches a saturation value much faster 
than all the other alloys of the series (Fig. 5.1). However, even at a field as high as 
20 T there is sufficient curvature even at 4.2 K and the magnetization is yet to attain 
saturation. The high-field susceptibility {xhf = ^ |h=i9T ~ 0.3 x 10~^ cm^/g) is fairly 
large as compared to that of Fe 5 Co 5 oNii 7 Bi 6 Sii 2 (~ 0.8 x 10“® cm^/g), a conventional 
FM. 

2. In the case of the alloy with x=26 which has a mixed phase ordering at 4.2 K, there 
is a large induced moment above the technical saturation. The magnetization is still 
increasing (very hard to saturate) even at 20 T with xhf ~ 0.45 x 10“'^ cnP/g. This 
value is also very large compared to that of a conventional FM. The magnetization 
curves even below 20 K (« Tc/3) show no tendency to converge towards the 4.2 K 
curve (Fig. 5. 2) even at such high fields. This behaviour is in contrast with the case of 
a standard FM in which a strong external field suppresses the thermal spin fluctuations 
thereby recovering the moment. In the inset of Fig. 5.2 we show the low-field hysteresis 
curves of this alloy at 4 2 and 59.7 K. The area enclosed by the increasing and decreasing 
magnetization curves corresponds to the field-induced anisotropy energy which decreases 
with temperature (inset of Fig.5.2) and vanishes at higher temperatures. This kind 
of high-field M-H curves have strong resemblance with those of many crystalline and 
amorphous materials which have mixed phases at low temperatures (e.g., AuFe [with 
14-18 at.% Fe][13], FeZr[14], etc. at the critical concentration regime). 

3. The high-field M-H curve for the alloy with x = 19 (SG) is much steeper even at 
the lowest temperature of 4.2 K which is below the spin-freezing temperature. The 
competing random exchange interactions between the FM and the AFM bonds result in 
a very large value of high-field susceptibility xhf (« 0.6 x 10"^ cm^g) at 19 T. 
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Figure 5.3; M-H and ^ vs H plots of the AFM alloy Fe 66 Nii 4 Cr 2 o at 4.2 
K. The M-H plot shows a striking change of slope around 1 tesla (shown by 
an arrow) where ^ shows a peak. This has been attributed to spin-flop 

transition at this field. 
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4 The M-H curve of the alloy with x = 14, w'hich has an AFM ordering below = 26 K, 
however, shows a striking change of slope at around 1 T at 4.2 K (Figs. 5.1 and 5.3). This 
abrupt change of slope is more pronounced in the vs H plot (Fig.5.3) which shows 
a peak at 1 T. However, it vanishes completely at 35.3 K (not shown). This sudden 
change of slope may be attributed to a spin-flop transition because of the canting of the 
AFM spins in this alloy. 

5. No abrupt change in the behaviour of the M-H curves is observed in the FM -4 AFM 
critical concentration range. The M-H curves of all the alloys have suflSicient curvatures 
even at temperatures much higher than their respective transition temperatures. This 
may be due to the effect of clustering, short-range ordering or local frozen spin moments 
in the PM state. 

We have made an attempt to fit all the high-field M-H curves of this series of alloys to 
some empirical relations. Non-linear log M vs. log H plots reveal that for the alloys with x 
= 30 and 26 , M is not solely dependent on a single term in H. However, the alloy with x = 
19 show's a perfectly linear log-log plot implying M a H". The alloy with x = 14 also shows 
a lineal log— log plot with two distinct slopes below and above the spin-flop transition. So we 
have taken a general empirical relation 


M-Mq + MiH"^ ( 5 . 1 ) 

to fit all the M-H curves employing a non-linear least squares fitting program alongwith a 
E04FDF NAG-Subroutine. We have kept Mo, Mj and n as adjustable parameters to fit the 
M(H) data. In the case of alloys with x = 19 and 14, the values of Mq are negligibly small 
and have been neglected. Table 5.1 gives the fitting parameters for all the alloys at several 
temperatures. From Table 5.1, the following inferences can be drawn : 

In the case of the alloys with x=30 and 26, the inclusion of the additional constant term Mq 
makes the quality of fit much better (x^ ~ 10"® is comparable to the experimental accuracy). 
Mo is maximum for the alloy with x = 30 at 4.2 K. In the case of the alloy with x=26, because 



High-field (till 20 tesla) 


161 


Table 5.1: Fit of the isothermal M-H curves of Fe 8 o-xNixCr 2 o alloys to several distinct fit 
functions till 20 T : compositions (x), fit functions, fit parameters (M^ Mj and n), field 
range, temperature and the values of x^- 


X 

(Ni cone.) 

Fit function 

M „ 

(‘-T) 

Ml 

remti] 

n 

Field range 
(T) 

Temperature 

( K ) 

( 10 -®) 

30 

M=Mo+MxH'^ 

32.0 

5.4 

0.35 

1-20 

4.2 

1.2 

( Tc =130 K ) 








26 

M=Mo+MiH" 

18.7 

7.0 

0.38 

2-20 

4.2 

1.8 

(Tc & 


19.3 

6.3 

0.39 

2-20 

8.1 

1.5 

= 60 & 7 K ) 


191 

5.2 

0.42 

2-20 

20.7 

0.88 



11.2 

6.9 

0.40 

2-20 

59.8 

0.72 

19 

M = MiH ” 


10.0 

0.34 

1-20 

4.2 

0.3 

( T /=12 K ) 



9.9 

0.34 

1-20 

8.1 

0.16 




9.1 

0.36 

1-20 

20.2 

0.17 

14 

M = 


2.3 

1.04 

0 - 1.5 

4.2 

0.2 

( T ; v =26 K ) 



3.6 

0.53 

5-20 

4.2 

0.4 




3.5 

0.54 

5-20 

11.2 

1.9 




3.3 

0.56 

5-20 

20.1 

1.5 




2.7 

0.60 

5-20 

35.3 

2.5 




1.8 

0.71 

5-20 

59.8 

4.9 
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of the freezing of the X-Y components of spins (GT model) below 7 K, the spontaneous 
moment (Mq) at 4.2 K has gone down slightly as compared to that at 8.1 K. This kind of 
observation could also be made from the M-T plots[2]. The decrease in Mo, above 8.1 K, due 
to the enhancement of thermal spin fluctuations as well as the spin-wave excitations, is quite 
reasonable. In the case of the alloys with x = 14 (AFM) and 19 (SG), Mq is negligibly small. 
The Mo term has been attributed physically to the spontaneous moments of these alloys. Its 
values are found to be consistent with their magnetic phases. 

In the case of the alloy with x=30, the value of the exponent of H is n 1/3 at 4.2 K 
whereas for the alloy with x = 26 it is 3/7. Considering the infinite-range Ising interaction, 
Toulouse[l5] had suggested a model for mixed phase systems where M ~ which agrees 
with our observation. For x = 19, n « 1/3. In the case of the alloy with x = 14, the exponents 
are n « 1 and 1/2 in lower and higher field ranges, respectively. This implies that in the AFM 
state, below the spin-flop transition, M has a linear dependece on H whereas above it M a 

Vh. 

As discussed earlier, in the T-Fego-xNixCrao (14 < x < 30) alloys, because of the presence 
of strongly competing exchange interactions between different pairs of magnetic atoms[2, 16], 
critical concentration is attained for this particular range of stoichiometry. As a result it 
hinders the rotation of the magnetic spins and so a saturation of the magnetization is hard to 
achieve (Figs.5.1 and 5.2) even at 20 T and 4.2 K. However, one cannot rule out the possibility 
of formation of either short-range clustering or clustering of local spin-freezing as well as the 
existence of local anisotropy and intrinsic fluctuation of the material parameters as in the case 
of AuFe[8], FeZr[17], etc.. 

We have also analysed the data in terms of the law of approach to saturation, given 
empirically by 

M = Ms - + bH, (5.2) 

where M, is the saturation magnetization and the f term is attributed to the intrinsic fluctua- 
tion of the material parameter, viz, presence of non-magnetic voids, inclusions and microstress. 
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Table 5.2: Concentration dependence of different fit parameters (M^, a and b) 
of the law of approach to saturation (Eq.(5.2)), the values of temperature 
and field ranges for several isothermal M-H curves of Fe 8 o-xNixCr 2 o alloys. 


X 

(Ni cone.) 

Temperature 

(K) 

Field range 
(T) 

M, 

(T) 

a 

^emu 

b 

/ emu \ 
Kg t) 

(10-'^; 

30 

4.2 

3-20 

42.6 

13.00 

0.30 

7.4 

26 

4.2 

5-20 

32.6 

17.64 

0.40 

0.18 


8.1 

5-20 

32.9 

22.20 

0.35 

0.11 


20.7 

5-20 

31.9 

23.78 

0.38 

7.9 


59.7 

5-20 

25.9 

20.57 

0.46 

9.6 

19 

4.2 

5-20 

19.8 

24.60 

0.52 

5.6 


8.1 

5-20 

19.6 

24.40 

0.47 

4.8 


20.2 

5-20 

18.7 

24.20 

0.48 

4.4 

14 

4.2 

5-20 

9.3 

16.60 

0.45 

„ 0T6 


11.2 

5-20 

9.3 

17.62 

_ (hTT 

0.21 


20.1 

5-20 

9.0 

.-ir.63 

0.48 

0.23 


35.3 

5-20 - " 

'8.0 

17.26 

0.48 

0.28 


59.8 

5-20 

5.8 

14.64 

0.52 

0.30 
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All our samples are cold rolled and after the final annealing process, to retain the 7 phase, 
they had to be quenched from 1050° C to room temperature. This has caused mechanical 
hardening of the samples as a result of the microstress developed. The last term, bH, corre- 
sponds to the high-field susceptibility xhf (~ |h-+oo ~ b)- We have fitted all the M-H data 
to Eq.(5.2) employing a non-linear least squares fitting programme keeping M*, a and b as 
adjustable parameters. In Table 5.2 we have summarized the values of the parameters along- 
with the values of x^- From Table 5.2 a number of observations could be made. The quality 
of fit is good, the ^ is comparable to the experimental accuracy. The saturation 
magnetization (M^) increases with Ni concentration (x) at a particular temperature whereas 
it decreases with temperature for the same x. The constant a and the high-field susceptibility 
b (;=» Xhf), both increase with x and attain maxima at around x = 19 (critcal concentration 
range) and then they decrease with further increase of x. 

In Fig.5.4 we show the variation of M^, a and b with x. This plot reveals that for the alloys 
with long-range FM (x = 30) and AFM (x = 14) orderings, the high-field susceptibility xhf 
is much smaller than those of the alloys which have SG and mixed phase orderings at low 
temperatures. 

In Fig.5.5 we show the individual contributions of M*- and bH terms alongwith the total 
M plotted against 1 /H for x = 30 at 4.2 K. The figure shows how the magnetization approaches 
saturation in the high-field region (^ — >■ 0). It is also clear from this analysis that even the 
20 T field is not sufficient to ahgn all the spins to reach saturation. The extrapolation with 
Eq.(5.2) (as shown in Fig.5.5) suggests that it may require a field as high as 100 T to align all 
the spins with a maximum saturation value of M 70 emu/gm. 

Figure 5.6 is the Arrott-Belov-Kouvel (ABK) plot (using mean-field values of the critical 
exponents /? = 0.5 and 7 = 1 ) for x = 30, 26, 19 and 14 alloys at 4.2 K. This is a very important 
plot to confirm the presence of any FM phase from the finite value of the spontaneous moment 
in the absence of any internal magnetic field. In the high-field linear regions, we have fitted 
straight lines and estimated the spontaneous moments (Mq) from the positive intercepts. The 
alloy with x — 30 (FM) has a very high value of spontaneous moment as compared to those of 
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Figure 5.4; Ni concentration (x) dependence of fitting parameters a and b 
of the law of approach to saturation (Eq.(5.2)) for Fe 8 o-zNia:Cr 2 o alloys. The 
solid and the dashed lines are just guides to the eye. 
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Figure 5.5: M ys. plot of FesoNiaoCr^o (FM) alloy. The solid line is the 
extrapolation of the fit to Eq.(5.2) in the very high-field range. The other two 
curves are the resolved contributions. 
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Figure 5.6: Arrott plots (M^ vs H/M) for crystalline Fe 8 o-xNia:Cr 2 o (x = 14, 19, 
26 and 30) alloys with wide varieties of magnetic phases at 4.2 K. The curvature 
changes (convex to concave) while passing through the critical concentration 


region. 
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the others. For the alloy with x = 26 (mixed) we confirm the persistence of the FM ordering 
even below the SG freezing temperature from the positive intercept on the M^-axis. Had it 
been in a pure SG phase, it would not have shown any positive intercept. In our earlier work[l] 
w’e had confirmed the coexistence of FM and SG orderings in the alloy with x = 23 (mixed 
phase). In the case of the alloy with x = 19 (SG), the negative intercept on the M^-axis even 
at 4.2 K rules out any possible FM ordering. For x = 14 (AFM), the ABK plot has a strong 
concave curvature in the low-field region as opposed to the convex ones for the FM and mixed 
phase alloys. 

In the alloys with higher Ni concentraion, the FM states are either weak or inhomogeneous 
having very high values of xhf- The spontaneous moments (Mq) from the intercepts of the 
ABK plot at 4.2 K are 0.39, 0.27, and 0.13 //B/<atom>, respectively for x = 30, 26 and 23. 
These values strongly deviate from the Slater-Pauling curve for the 3d transition metals and 
alloys. This may be understood in the light of Friedel theory of the formation of VBS and the 
split-band model. 

The Arrott plots for x = 26 at several higher temperatures (Fig.5.7) also show a change of 
curvature from concave to convex while passing through the Curie temperature from the high 
temperature side. So there exists a close analogy between what happens for a fixed concen- 
tration when the temperature is changed and the case where the temperature is fixed and the 
concentration is varied. There could be several reasons for the deviations from linearity of the 
ABK plots for all the alloys in the low-field range : (1) An inhomogeneous character of magne- 
tization may be associated with such deviations (e.g., amorphous Fe-Ni alloys near the critical 
concentration[18]). (2) According to Shtrikman and Wohlfarth[19], for heterogeneous weak 
itinerant magnetic alloys, the deviation from linearity is attributed to spatial inhomogenities 
of the magnetization due to fluctuations in concentration. (3) For a homogeneous magnetic 
system the Arrott plots give straight lines in the case of weak ferromagnetic materials except 
at the lowest fields where domain rotations occur [20]. The ABK plots for a SG or a mictomag- 
netic phase at high enough fields and temperatures as well as for a mixed phase, where FM 
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Figure 5.7: Arrott-Belov-Kouvel (ABK) plots at various teraperatures in the 
low-field range for the mixed phase alloy Fe 54 Ni 26 Cr 2 o confirming the presence 
of the FM ordering. 
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and cluster glass or SG coexist, should be rather curved[18]. Some experimental evidences in 
FeCr, FeMnPC, etc. alloys[21, 18] support this kind of behaviour. 

Based on the Stoner model, Edwards, Wohlfarth and Mathon had applied the Landau- 
Ginzberg theory of second order phase trasition to FM metals and alloys whose magnetization 
M is low compared to that for complete alignment of spins and obtained 

T, c) = A{T, c) + B{T, c) M" {H, T, c) , (5.3) 

where A and B are the Landau coefficients and c is the concentration. We observe that the 
value of B“^ (120, 138 and 162 [(emu/g)^/T], respectively for x=23, 26 and 30 after fitting 
the M-H data to Eq.(5.3) in the high-field linear regime (Fig. 5.6)) gradually increases with 
the increase in Ni concentration (x). Comparing the concentration dependence of the specific 
heat[22] which also increases with x, one can qualitatively argue that because of the increase of 
the density of states at Fermi level [N(Ei?)] with x, the value of B“^ is enhanced. This result 
supports the Edwards and Wohlfarth’s theoretical prediction [20]. We have also found (not 
shown) that for the alloys with x = 30, 26 and 23, ~ x (Ni cone.), M2(0,0,x) ~ x and Xo ^ 

~ X ~ |c - Cent I- Experimental plots of these quantities are called Mathon plots, where Cent 
is the critical concentration for weak itinerant ferromagnetism [23]. This provides us a better 
understanding of the weak itinerant type of FM ordering which exists in these disordered 3d 
transition metal alloys. 

As mentioned earlier we have carried out dc magnetization measurements between 20 and 
700 K in a constant dc— field of 0.2 T, to examine whether in the pure paramagnetic regime 
they follow the Curie- Weiss law. In Figs.5.8 and 5.9 we show typical 1/x vs. T plots for 
the alloys with x = 19, 30 and 14. We find that (Fig. 5.8) all the alloys obey the Curie- 
Weiss (CW) law in the high-temperature range. The deviation from the CW law starts at 
temperatures (T^), much higher than their respective transition temperatures. This kind of 
behaviour also shows up in the non-linearity of the M-H curves (CW law gives M a H at 
constant temperature) even much above their respective transition temperatures. This may 
be due to the persistence of some short-range ordering. From the high-temperature (T > T^) 




Figure 5.8: Reciprocal susceptibility (1/x) vs temperature (T) for FeeiNixgCrao 
(SG) alloy at 0.2 tesla. The arrow shows the onset (Td > T/) of the devi- 
ation from the Curie-Weiss behaviour. The inset shows the same plot for 
FesoNiaoCrso (FM) alloy. The solid lines are the fits to Curie Weiss law. 
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I: Reciprocal susceptibility (1/x) and magnetization (M) vs 
for Fe66Nii4Cr2o alloy at 0.2 tesla. 0 is small but negative 
•erature is (26±1) K. 
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data we have estimated the Curie constant (C) and the paramagnetic Curie temperature (©) 
for each alloy from the slopes and intercepts of the linear fits. Table 5.3 lists quantities like 
C, Peff? 5 where is the effective Bohr magneton number given by 

d n ' 1 
'X' 


Pelf = +!)]■'" = 




(5.4) 


Here is the average number of the three kinds of atoms (Fe, Ni and Cr) per gram, g the 
Lande g factor, J the total angular momentum, ks the Boltzmann constant and the Bohr 
magneton. 

Figure 5.9 clearly shows the AFM transition for the alloy with x=14 where a peak in M(T) 
occurs at Tjv = (26±1) K. In Fig. 5.10 we show the variation of Peg- and 0 with the Ni 
concentration (x) . The paramagnetic Curie temperature (0) increases roughly linearly with 
X. For the alloy with x = 14 (AFM), the value of 0 is negative (already shown in Fig.5.9). 
The variation of Peg with x is rather small. 

There is a subtle interplay between the effective number, n («s <3d+4s>), of electrons 
per atom outside the closed argon shell and the type of magnetic ordering as well as their 
transition temperatures. In Table 5.3 we give the values of n for all the alloys. For n > 8, 
these alloys shift towards the FM state with increasing spontaneous moment (Mo) and Tc- On 
the other hand when n < 8, AFM ordering is established, while in the intermediate region the 
SG phase appears. 

The above facts, namely, the non-integral values of p in Bohr magneton per atom, the 
strong deviation from Slater-Pauling curve, the curvature in the low-field region and a set of 
parallel lines in the high-field region of the ABK plots, the large values of xhf at 19 T and 4.2 
K, and the Mathon plots indicate the possibility that the alloys with higher Ni concentration 
having FM ordering at lowest temperatures may be described within the framework of the 
itinerant model rather than the localized one. 

We have examined the FM ordering in the light of the Rhodes— Wohlfarth[5] criteria . 

(a) In the localized model the effective spin is the actual spin and hence Qc/cjs = 1? for all 


Te, where Pe// = s/qdqc + 2) in the PM state and is the average spontaneous moments 



174 


chapter 5 



3.00 


2.50 


2.00 


1.50 





a 


Kgure 5.10. M cone, (x) dependence of the paramagnetic Curie temperature 
p) and the effective Bohr magneton number (Pe^y) (derived from Eq.(5.4)) 

for Fego-^Ni^Crao alloys. The solid line is the best-fit straight line and the 
aasliecf one is a guide to the eye. 
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Table 5.3: Composition (x), Curie constant (C), effective Bohr magneton 
number (Pe//), Paramagnetic Curie temperature (©), qc, q*, temperature 
for the onset of deviation from Curie- Weiss law (T^), and effective num- 
ber of electrons per atom outside the closed argon shell [n (« <3d-l-4s>] 
of Feso-xNixCrao alloys. 


X 

(Ni cone.) 

C 

^2q-3 cm^K ^ 

Pe// 

ihB) 

0 

(K) 

Qc 

(he) 

Qs 

(mb) 

Td 

(K) 

n ~ 

<3d+4s> 

14 

11.7 

2.28 

-6.5 

1.49 


26 

7.88 

19 

8.7 

1 97 

43 

1.20 


98 

7.98 

21 

12.1 

2.31 

50 

1.52 


130 

8.02 

23 

13.2 

2.42 

127 

1.62 

0.13 

280 

8.06 

26 

15.7 

2.65 

100 

1.83 

0.27 

300 

8.12 

30 

13.0 

2.42 

190 

1.61 

0.40 

320 

8.20 
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in units of hb and (b) In the itinerant model q* might be less than the maximum possible 
value Qc, and hence qc/q^ > 1 and its value (between 1 and oo) gives a measure of the degree 
of itinerancy. In addition, qc/qi oc T“^ for itinerant electrons, i.e., larger the ratio (qc/qj) 
w'eaker is the FM The values of qc and q^ are given in Table 5.3 for the alloys with x = 30 
26 and 23. It is quite apparent that qc/qs indeed shows a systematic increase with decreasing 
Tc and follows the relation qc/q* oc T“F Moreover, qc/q^ lies between 4 and 12 indicating 
moderate itinerancy. They also compare favourably with those of several other weak-itinerant 
FM alloys (e.g., FeCr, FeV, NiFeV,[24] ZrZn[25]). Thus we conclude that the alloys with 
higher x (23-30) are weak itinerant ferromagnets (WIF). 

5 . 1.2 Spin-wave analysis of 7~Fe5oNi3oCr2o alloy 

There are reports on Fe-Ni based crystalline and amorphous alloys (e.g., FexNi8o-xBi8Si2[26], 
Ni-Fe-Cr and Ni-Fe-V[24], etc.) where the presence of both spin-wave and Stoner single- 
particle excitations were confirmed through bulk magnetization measurements. Inelastic neu- 
tron scattering[16] studies directly prove the presence of spin-wave excitations in these alloys. 
It was concluded for Ni-rich Ni-Fe-Cr and Ni-Fe-V alloys[24] that the addition of Cr and V 

enhances the Stoner term considerably, and drives these systems towards the weak-itinerant 
FM regime. 

To examine contributions from various kinds of excitations to the temperature-dependent 
demagnetization process, we have carried out a very careful dc-magnetization M(T) measure- 
ments (accuracy 1 part in lO'*) at 100 mK temperature interval in a field of 1 tesla. In Fig.5.11, 
we show the M(T) data which have been analysed in the light of the spin-wave (SW) theory 

as well as the Stoner excitations [27-29]. At low temperatures, the change in magnetization 
due to spin-wave excitations is given by 

' AM(r) 1 _ M{T) - M(0) 

. ^^(0) isw M{0) 

= AT^I\l - - D,rV2)-3/22(3/2, TJT) 

+ BT^'^Z(5I2, TJT) . 


(5.5) 
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Figure 5.11: Change of reduced magnetization (^) as a function of reduced 
temperature (T/Tc) for FegoNisoCrao (FM) alloy." The solid line is the non- 
linear least scjuares fit of the experimental data to the combination of spvri~ 
wave and Stoner single-particle excitations. The percentage deviation of the 
fit from the data, shown in the inset, indicates a very good quality of fit. 
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Here Tp is the gap temperature which is equal to Z{Z/2 , T^/T) and Z{^/2 , 

T^/T) the Bose-Einstein integrals, and the coefficient A is related to the spin-wave stiffness 
constant P, by 


v(=vm = ^ 


/ 2.Q12gnB 

[ M{0)pA 


2/3 

) 


(5.6) 


where p is the density. Thompson et al.[30] have calculated the change in reduced magnetiza- 
tion due to Stoner single- particle (SP) excitations only, given by 


AM 

M(0) 


SP 




(5.7) 


for strong itinerant FM and 


AM 

[M(0) 


= 0T^, 


(5.8) 


SP 


for weak itinerant FM. Here a and are related to various band parameters. A is the energy 
gap between the top of the full sub-band and the Fermi level (Ejp) for a strong FM. It is 0 for 
a weak FM. 

At low temperatures, when deviation from saturation magnetization at 0 K is small, the 
excitations from the SW and the SP are nearly independent and the thermal demagnetization 
is given by the the sum of both the contributions, i.e , 


AM = [AM]sw + [AM]sp . (5.9) 

We used a non-linear least-squares fitting programme using the NAG library to fit the M(T) 
data for the alloy with x = 30. The fit to Eq.(5.5) excluding the BT®/^ anharmonic term gives 
= 6.8 X 10“® which is at least one order of magnitude higher than the experimental error. 
Inclusion of the anharmonic term 5delds an unphysical sign of the coefficient B. However, 
the data, when fitted to Eq.(5.9), a combination of Eqs.(5.5) and (5.8) but excluding the 
anharmonic T^^^ term, yield a much improved = 2.1 x 10“^ with A = 3.4 x 10“'* 
and /? = 9.3 X 10“^ K“^. As shown in Fig.5.11, the experimental data and the best-fitted 
curves are almost indistinguishable. But Eq.(5.9), when taken as a combination of Eqs.(5.5) 
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and (5.7), gives unphysical values of a and the gap parameter A. In the inset of Fig.5.11 
we have also shown the percentage deviation of the fit from the data which clearly rev'eals 
that a combination of both SW and SP excitations describes the thermal demagnetization 
process quite well in this FM alloy. The value of the coefficient of the SW term. A [~ 10~^ 
is two orders of magnitude larger than those of pure Fe and Ni [« 10“® K-^/^][28] 
and one order of magnitude larger than those of Ni-rich Ni-Fe-Cr and Ni-Fe-V alloys [si 10"® 
K ®'^^][24]. This implies that the spontaneous magnetization (Mq) of the alloy falls ofll wdth 
temperature at a faster rate and so it must have a weaker SW stiffness constant 2^(0). Using 
Eq.(5.6) we have estimated I>(0) to be 40 meV whereas it is 286, 100 and 46 meV 
for pure Fe[28]j Ni-rich Ni67Fe2iCri2[24] and higher Cr-containing amorphous alloys like 
Fe5Co5oNi2Cri5Bi6Sii2[12], respectively. It should be noted that with the 'addition of Cr in 
Ni-Fe binary alloys, I>(0) falls off very rapidly [24, 12]. Moreover, so far as the magnetic 
properties are concerned there is not much difference between the crystalline and amorphous 
materials. Our estimated value of X>(0) for the alloy with x = 30 seems rather reasonable. In 
addition to this there is also a strong experimental support to our result from the inelastic 
neutron scattering studies by Menshikov et al.[16] on Ni-rich Ni-Fe-Cr alloys from which the 
SW stiffness constant 2?(0) was estimated to be » 50 meV A^. They also could not detect 
the presence of any higher order term apart from the quadratic one in the SW dispersion 
relation in good agreement with our result. Thus we conclude that the introduction of Cr 
suppresses the anharmonic term (T®/^), similar to the earlier case[24]. Moreover, the Stoner 
single-particle excitation is present in this weak-itinerant FM. The constant /5 in the Stoner 
term is of the same order as in pure Ni[28] and Ni-rich Ni-Fe-Cr[24] alloys (fs 10 ^ K ^ ). 
Thus one finds that the addition of Cr enhances the Stoner term considerably. 


5.1.3 X = 26 : Mixed-phase alloy 

In Fig. 5. 12 the temperature dependence of the dc-susceptibility Xdc ( = is shown in a field 
of 0.6 T which is above the technical saturation for the alloy with x = 26. We find that there 
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Figure 5.12: Temperature dependence of dc-susceptibility Xdc (= — ) for the 
mixed phase alloy Fe54Ni26Cr2o at a field of 0.6 tesla. The solid linei a guide 
to the eye. The peaks appear at its two transition temperatures (Tc and T/). 
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is a sharp peak in Xdc around T ~ 60 K which is the PM — ^ FM transition temperature (Tc) 
as reported earlier [2], As the temperature decreases, Xdc decreses continuously. But below' 
some minimum temperature it again starts to increase significantly. In our earlier w’ork[l] 
we made the same kind of observation for the alloy wdth x = 23 and 21 w'hich have mixed 
phase and SG orderings, respectively at the low'est temperature. Hamzic and Campbell[31] 
also made exactly the same kind of observation for the variation of Xdc with temperature in 
the case of Aul9%Fe alloy which is beyond the percolation threshold where long-range FM 
appears alongwith SG freezing. In this alloy with x =26, there is a coexistence betw'een FM 
and SG orderings at the lowest temperature. So this is a common feature of Xdc w'hich is 
observed in a number of alloys having either SG or mixed phase orderings. 


The alloy with x = 26, below a temperature T/ = 7 K, has a SG ordering as reported in 
different investigations [2]. There is a long-standing controversy for this kind of mixed phase 
or re-entrant phase alloys[32] showing double transitions. Whether both kinds of ordering, 
namely, SG and FM co-exist below the second transition, is still debatable. From a number 
of experimental evidence[33-37] it was concluded that both the orderings do co-exist below 
the second transition. This kind of behaviour can be understood through the semi-spin-glass 
picture proposed by Villain[38]. Just below Tc these alloys behave as a standard FM with 
(for each spin) m^ 0, m^ = m* = 0. As the temperature drops, the degree of FM ordering 
increases continuously and hence Xdc drops below Tc. But at a lower temperature the spins 
begin to acquire random uncorrelated canted moment with components m^, m^ 0 but <mx> 
= <my> = 0. At the lowest temperature (below the second transition) the conventional spin- 
wave theory totally breaks down. This has been clarified later in the Gabay - Toulouse (GT) 
model, which is a Heisenberg version of the Sherington - Kirkpatrick model, where below the 
second transition temperature there is an overall long-range order in a certain direction (say, 
z - direction) and a simultaneous existence of frozen spins in the transverse direction (x-y 
plane). So the temperature dependence of Xdc of fhis mixed phase alloy can be understood 
in the light of the Villain as well as the G-T models. We have also seen from Arrott plots 
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(Fig.5.6) that at the lowest temperarure (4.2 K), FM ordering persists in this alloy. Moreover, 
thermoremanent history dependent FC magnetization [2] confirmed the SG ordering at 4.2 K. 
So our results for Xdc as well as the Arrott plots definitely support the coexistence of both FM 
and SG orderings below the second transition. 

5.1.4 X = 19 and 21 : Spin-glass alloys 

A remarkable feature of the magnetization curves for the alloys with x = 19 and 21 is that 
the curves can be scaled on a single universal curve till very high fields as shown in Fig. 5. 13. 
Both the alloys have only one transition (PM — >■ SG) at 12 and 10 K, respectively [2]. The 
magnetization curve for the higher concentration alloy (x = 21) can be brought into coincidence 
with that of X = 19 by using a scaling factor defined as : Rg = M(x) / M(x=19). The 
magnetization data for x = 21, [2] obtained by using the Faraday balance (FB), are also brought 
into coincidence on the same figure with the same scaling factor, i.e., irrespective of the 
measurement technique. The universality of the behaviour of the magnetization implies the 
same magnetization process, namely, the high-field response dynamics of the frozen spins. This 
kind of universal scaled magnetization curve was also observed in archetypical SG (CuMn and 
AuFe[7, 8]) systems below the critical concentration. For the alloys with x = 26, 23 and 14, the 
scaled magnetization curves have strong deviations from an universal one suggesting entirely 
different kinds of magnetization processess. 

5.1.5 X = 14 : Antiferromagnetic alloy 

As mentioned earlier, the M(H) curve at 4.2 K has an inflection point at around 1 T as shown 
in Fig.5.3 with an arrow. The figure also shows dM/dH vs. H plot which has a sharp peak 
at the same field. We have further observed that the point of inflection shifts slightly towards 
low fields at higher temperatures of 11.2 and 20.1 K. The M(H) curves (at T = 35.1 and 60 
K) beyond the Neel temperature (T^v = 26 K) do not show any inflection point. The field 
= 1 T can be taken as the critical field for the spin- flop transition below Tat. This alloy has a 
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Figure 5.13; M-H plot of the alloy with x=21 is scaled on to that of x 19 
implying the same kind of magnetization process at 4.2 K. The abbrebiations, 
VSM and FB stand for vibrating sample magnetometer and Faraday balance, 

respectively. 
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long-range AFM ordering with a resonably small value of Neel temperature (T^r = 26 K). A 
number of reports show that spm-flopping c&n be produced most easily if the Neel temperature 
is low and for them He will be relatively small (e.g.,CuCl 2 • 2 H 2 O {Tn = 4.2 K),[39] MnF 2 , 
CrsOa- DyAg,[40] DyAu,[40] AusMn, etc.). 

Unlike the conventional AFM’s, this alloy shows a high value of the field-induced moment 
at 19 T (w 0 17 pb) and a tendency of saturation (Fig.5.1). Neutron scattering in AFM 
7 -Feo yNio isCro 15 [H] in magnetic fields of 5 T suggested that the induced moment can be in- 
terpreted in terms of the canting of the AFM spins. In the alloy with x = 14, the magnetization 
KI induced in the high magnetic field H obeys the Landau relation of the form 

=. -A + BH/M , (5.10) 

with A = 308 (emu/gm)2 ^^d B = 560 (emu/gm)VT in the field range between 10 and 20 T at 

4.2 K. This relation holds when the substance is close to a FM state but as a whole is an AFM. 
How^ever, there may exist a positive interaction between the high-field-induced moments as 
had been concluded in the AFM 7 -Feo. 7 Nio i 5 Cro.i 5 [ 4 U 11] alloy. An itinerant AFM model[41] 
w^as proposed in which the effective magnetic interaction between the spins is always positive 
even in an AFM substance, and an AFM state can also be close to a FM state. The effect 
of magnetic field on the AFM structure was studied by neutron scattering measurements[ll] 
on 7 -Feo. 7 Nio. 15 Cro. 15 . It suggested that the induced moment could be explained by canting of 
the AFM spins by an angle 6. 

We have used the experimentally - estimated parameters Tjv (— 26 K), C (~ 11.7 x 10 ^ 
cm^ K /g) and the paramagnetic Neel temperature 0 (~ -6.4 K) (some are shown in Table 

5.3 and Fig.5.10) to evaluate Ji, J 2 , 71 and 72 for this alloy with x = 14. Here Ji is the 
effective-field exchange interaction between the ith neighbours. Similarly, 71 and 72 are the 
first and second neighbour molecular field coefficients. In the light of Smart’s model[9] for the 
generalized molecular field theory for an antiferromagnetic substance with n sublattices, the 
following relations can be written : 

Q/TlEij J 


* 7^7 , 


(5.11) 
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® = (5.12) 

j=i 

and 

c ^ 

= (5.13) 

” j=i 

where is the number of j neighbours of an i atom; the exchange interaction between 
an i atom and one of its j neighbours, 7,^ the molecular field coefficient for the field exerted 
on an atom on the ith sublattice by its neighbours on the j th sublattice, and }j,b the Bohr 
magneton. The present AFM alloy has an fee structure. According to Smart[9], an AFM 
alloy with fee structure can have maximum possible 3 types of antiferromagnetic ordering 
(Fig.5.14). Our calculation for the alloy with x = 14 is appropriate for the fee structure with 
type 1 antiferromagnetic ordering with 8 sublattices and 12 nearest as well as 6 next nearest 
neighbour atoms[9]. Using Eqs.(5.11) - (5.13) we have computed the following values: 7i = - 
20.8 X 10® kg/m®, 72 = 15.3 x 10® kg/m®, Ji/k = -1.29 K and J2/J1 = - 1.47. In this AFM 
alloy, O/Tat (~ -0.25) is small and negative, in contrast to the large values (> 1) observed in 
the SG alloys (x = 19 and 21, Table 5.3). This indicates that frustration effects are minimal 
in this alloy with x = 14. From the above estimates, a number of important inferences could 
be drawn, e.g., negative values of Ji and J2/J1 indicate that the first nearest-neighbour in- 
teraction is AFM and the second nearest-neighbour interaction is FM. | J2/J1 | > 1 implies 
that the second nearest-neighbour interaction is stronger than the first. The larger value of 
J2 compared to Ji does not affect the effective field approximation used here, because there 
are 12 nearest neighbours each contributing -| Ji | towards ©, whereas there are only 6 next 
nearest neighbours each with a contribution of w 1.5 Ji. Hence as a whole the paramagnetic 
Neel temperature 0 is still negative (antiferromagnetic) and has a small value as observed 
experimentally. Because of the fact that | J2/J1 1 > U one concludes that this alloy must have 
a strong itinerant-electron contribution. Perhaps some of the outer 3d and 4s electrons are 
localized and some others are in the extended states. The nearest-neighbour molecular-field 
coefficient 71 < 0 implies the expected AFM interaction. The next-nearest-neighbour interac- 
tion 72 > 0 corresponds to the FM interaction. The values of 0/Tiv and 72/71 compatible 
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Figure 5.14. (a) First, (b) second, and (c) third kinds of antiferromagnetic 
orderings in f.c.c. lattice, after [9]. 
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Figure 5.15: (a) Magnetic-ordering phase diagram in the 71-72 plane for the 
antiferromagnetic f.c.c. lattice, after [9]. (b) ©/Tjv and 0/Tc vs. g (= 72 / 7 :) 
for the f.c.c. lattice. The marked point is the position of the stuped x=14 
alloy. 
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only with the type 1 AFM ordering in this alloy. In Fig.5. 15(a), the magnetic-ordering phase 
diagram m the 7i-'72 plane for the f.c.c. lattice has been shown[9]. According to the sign of 7 j 
and 72, as computed from the magnetization study , it is clear from this phase diagram that 
the alloy with x=14 falls into the antiferromagetic ordering regime of type 1 (AFi). Figure 
5.15(b) shows Q/Tj^ and 0/Tc vs. ^(~ 72/71) for the f.c.c. lattice[9]. The position of x=14 
has been marked in this figure by a dot which lies on the AFi line with © negative and 
positive. All these results agree with the neutron-diffraction-derived structural studies[41, 11] 
which revealed the type 1 AFM ordering in alloys of similar composition 


5.2 Conclusion 

In this work we have carried out systematic high-field (0 - 20 T) dc-magnetization studies 
( M(H) and M(T) from 4.2 to 60 K and 19 to 700 K, respectively) on substitutionally dis- 
ordered 7-Fe8o_iNixCr2o (14 < x < 30), austenitic stainless steel alloys having a very rich 
magnetic phase diagram at low temperatures. All the samples are at the vicinity of the 
critical concentration regime for long-range FM and AFM orderings and have strong com- 
peting interactions between different kinds of magnetic atoms. We find a number of distinct 
functional relationships M(H) in different magnetic phases below their respective magnetic 
transition temperatures. Because of the very large xhf compared to that of a conventional 
FM, we conclude that the nature of ferromagnetism in the case of the alloys with x = 30, 26 
and 23 in their FM phase is unlike that of a standard FM. They are very hard to saturate 
even at a field of 19 tesla at 4.2 K. The law of approach to saturation reproduces the high-field 
M(H) data in the saturation regime resonably well. In the light of the Rhodes- Wohlfarth cri- 
terion the alloys with x = 30, 26 and 23 in their FM regime are of weak - itinerant type. The 
non-integral values of the number of Bohr magneton per atom (p) and the strong deviation 
from the Slater-Pauling curve support this weak-itinerant picture. In the FM alloy with x 
= 30, the combination of long wave-length spin-wave and Stoner smgle-parttcle excitations 
describes the thermal demagnetization process quite well till 0.5 Tc- We conclude that the 
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intioduction of Cr in this alloy substantially reduces the spin-wave stiffness constant P(0), 
suppresses the anharmonic term (T^/2) and enhances the Stoner term. 

In the case of the alloys with x = 26 and 23 (mixed phase), this particular study, alongwith 
our earlier studies, corroborate that below the second transition the long-range FM ordering 
coexist with the transverse SG freezing supporting the G-T model. Neutron-depolarization 
studies coupled with small-angle neutron scattering would be able to provide a complete 
picture of the transverse spin component in the FM domain (which might be of vortex-like 
spin structure) , the nature of the domain- wall motion and the spin-modulated structure. In 
the concentrated SG alloys (x = 21 and 19) the high-field response dynamics of the frozen 
spins is similar to that of the archtypical spin glasses. 

Our analysis on x = 14 (AFM) alloy shows that the long - range AFM structure of this 
alloy is of type 1 where the 1st nearest neighbour interaction (Ji) is AFM and the 2nd one 
is FM (J2)- Since | J2/J1 | > 1, we conclude that this alloy must have a strong itinerant- 
electron- AFM contribution. Our estimated molecular field coefficents 71 and 72 for the 1st 
and 2nd nearest neighbour interaction in different sublattices are also compatible with the type 
1 kind of AFM structure. The latter shows a spin-flop transition at 1 T due to the canting 
of the AFM spins in the strong external magnetic field. Beyond this transition a square-root 
dependence of magnetization with external field is found whereas below it the dependence is 
linear. 

At present as there is no band structure (electronic or magnetic) calculation in these alloys, 
it is very difficult to estimate and correlate anything in more quantitative terms. Greater 
attention must be paid in this direction for better correlation of the transport and magnetic 
properties of these ternary alloys. 
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Chapter 6 


Quantum corrections to Boltzmann 
conductivity in Cu-Zr-Al and Ni-Zr 
-A1 amorphous alloys 

6.1 Introduction 

In the last few years studies of transport properties of strongly disordered crystalline and 
amorphous materials have generated considerable interest. The occurrence of negative tem- 
perature coefficient of resistivity (TCR ~ p~^dp/dT) giving rise to resistivity minima at low 
temperatures, has stimulated many investigators to explore various scattering mechanisms in 
disordered systems, both crystalline and amorphous. Controversy arises in interpreting the 
resistance minima[l-3]. The increase of p{T) below Tmin was initially attributed to scattering 
from the structural two-level states (« —ln{T^ -1- A^)) or from magnetic impurities of the 
Kondo type (« — ZnT)[4]. However, the validity of either one of the above mechanisms is 
debatable since they are found in magnetic alloys[3, 1] as well as those without any magnetic 

^This chapter is mainl y based on the work by T. K. Nath and A.K. Majumdar, accepted for publication in 
Phys. Rev. B (1997) and J. Phys.: Condensed Motter (communicated). 


193 



impurity [l, 5]. Rapp et a/. [6] have reanalysed the data for many metallic glass systems, pre- 
viously fitted to the (-In T) relation, and have concluded that a {-\/T) dependence of p(T) 
fits much better below^ T^tn- More recent theories[7, 8], considering quantum corrections to 
the Boltzmann conductivity equations, namely, weak localization and electron-electron in- 
teraction effects, offer a new interpretation to the negative TCR in metallic glasses[5, 9-11], 
In recent times quantum mechanical coherence of electron wave functions in materials with 
imperfections has led to major revisions in the theory of electrical conductivity and novel 
phenomena in submicron devices [12]. 

Electrical transport properties of amorphous transition metal alloys have been well re- 
viewed by Mizutani[l], Naugle[13], Dugdale[14], and Howson and Gallagher[5]. To facilitate 
discussion on electron transport in metallic glasses, Mizutani[lj classified them into five groups 
in terms of their magnetic states. Among them, non-magnetic, highly resistive metallic glasses 
(group (4) and group (5))[1] in which the magnetic susceptibility is negligibly small and tem- 
perature independent (Pauli paramagnet with x ~ 10~® - 10“® emu/mol.) serve as the most 
fundamental system to study the motion of conduction electrons in disordered enviroments. 
Early transition metal-late transition metal, and early transition metal-simple metal or - 
metalloid form group (4) metallic glasses[l, 15], e.g., Cu-Ti, Cu-Zr, Ni-Zr, Ni-Zr-M (M = Al, 
B, Si, H), Ni-P, etc. Generally they fall into the strong scattering regime (paooK > 150 cm) 
with negative TCR in which typical electron mean-free path (Z) is of the order of the average 
interatomic spacing (Z ~< a >~ 3-5 A). 

Several models namely, the Faber— Ziman diffraction model and the Mott model for tran- 
sition metals within the framework of the Boltzmann transport, scattering from two— level 
tunneling states, etc. have completely failed[5, 13] to describe the low temperature p(T) 
behaviour of this group (4) transition-metal-based non-magnetic alloys in which the Fermi 
level (Ep) lies in the d-band[l, 5]. Mizutani[15] has suggested that in group (4) metallic 
glasses, where d-electrons tend to localize more easily, quantum corrections would become 
rather important in describing the p(T) behaviour with negative TCR, continuing till high 
temperatures. Experimental studies on non-magnetic transition-metal-based metallic glasses 
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by Howson ei a(.[5, 9-11), Cochrane et oi.[I6]. Bieri e( oj.)!?], Schulte et ei.[181. and Hickey et 
al [19] have more or less confirmed the prediction of the theories based on quantum corrections 
to the Boltzmann transport equations valid for disordered materials[7, 8, 14, 20]. 


In this particular investigation, we have reported a systematic high -resolution p(T) mea- 
surements in the temperature range of 1.2 to 300 K in a series of melt-spun non-magnetic 
transition-metal-based amorphous {CuoMZro^)^.^Al^ and alloy ribbons 

with 0 < X < 0.2. We find that all of them show negative TCR till the highest temperature 
(300 K) except at very low temperatures where each of them shows a tendency of supercon- 
ductivity. The primary motivation behind the present work is to check whether the scattering 
mechanisms in all these highly disordered non-magnetic alloys can be well described by quan- 
tum interference effects (QIE), viz, the weak localization and the electron-electron interaction 
(EEI). Moreover, theoretically]?, 9, 20] it has been predicted that in a strongly disordered 
system a sequence of -v/Tj T , and v/T dependence of conductivity (a) could be observed at 
low, intermediate and high temperature ranges because of QIE effects. Till now, there is only 
one report [3] on Co-rich ferromagnetic bulk (3-dimensional) alloys where the full sequence 
was observed in the same specimen. However, since ferromagnetism may destroy localiza- 
tion[7, 14], the interpretation could be erroneous. Moreover, all earlier works on non-magnetic 
CuTi, CuHf, etc., (for example, M. A. Howson and D. Grieg, J. Phys. F : Met. Phys. 16, 
989 (1986)) showed only two regions (either y/T and T or T and \/T) in the same speci- 
men. Agreement with any theory is most satisfactory if predictions are checked on the same 
specimen. In the present study all the alloys under investigation are non-magnetic having 
temperature-indepedent Pauli paramagnetism (x ~ 10”® - 10"® emu/mol). Also, all of them 
have a negative TCR in a very wide range of temperature (till 300 K) and provide us an op- 
portunity to observe the full sequence of 'JT, T, and y/T of conductivity {a ) in three distinct 
regions of temperatures. 
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6.2 Results and Discussions 

The temperature dependence of the resistivity (p(T)) between 1.2 and 300 K for (Cuq seZvo 64)i_3. 
All and (Nio5Zro5)i_iAli (0 < x < 0.2) non-magnetic metallic glasses is shown in Figs. 6.1 
and 6.2, respectively. The composition dependence of psooK is shown in the inset of each figure. 
In Table 6.1 we have listed some useful physical properties of all the alloys under investigation. 
From a detailed inspection of all the /?(T) curves, the following salient features emerge : 

1. The room-temperature values of the resistivity (psoorr) for all the alloys are high (> 165 
/j,Q, cm) and they increase wdth the A1 concentration (x) (inset of Figs. 6.1 and 6.2). 

2. The TCR of all the alloys are negative for the entire range of temperature which is the 
signature of the strong-scattering metallic glass alloys[5]. 

3. In the case of {Cuo.36Zro.u)i-xAlx metallic glass system p(T)/p(300K) at 4.2 K lies 
between 1.02 and 1.045 whereas for (Nio^^Zro s)i_xAlx system it lies between 1.03 and 
1.05. 

4. The nature of the p-T curves of all the alloys are of E-type which is found only in all 
group(4) d-electron-dominated non-magnetic metallic glasses[l, 15]. 

5. In each alloy the superconducting fluctuations are already noticeable around 4 K (Figs. 
6.3 and 6.4). The superconducting transition temperature (T^) and its onset are found 
to decrease with increasing A1 concentration. 

6.2.1 Superconducting Fluctuations 

Figures 6.3 and 6.4 clearly show superconducting fluctuations in {CuQ. 3 eZro.M)i-xAlx and 
(^io.5Zro.5)i-xAlx amorphous alloys below 4 K. We could estimate the T^’s (Table 6.1) for x 
= 0.0 (for both the systems) from the peak of the dp/dT vs. T plot as shown in the inset of 
Fig. 6.3 for CuoseZroM- The onset of Tc (Table 6.1) for the rest of them could be clearly 
seen (Figs. 6.3 and 6.4) to decrease with the increase of the A1 (x) concentration. But their 
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Figure 6.2. Temperature dependence of the normalized electrical resistivity 
of {Nio sZtq s)i-x-^lx (0 ^ X < 0.2) amorphous ribbons. The resistivity is 
normalized with respect to that at 300 K. The resistivity at 300 K is shown in 
the inset as a function of A1 concentration. 
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actual Tc’s are lower than 1.2 K which is Tint n++n^T^oKu ; • x rr^i . 

IS not attainable m our experiments. The transition 

width (ATc) of these amorphous superconducting alloys is found to be around 0.25 K (Fig. 
6.3) 

As mentioned earlier, all these amorphous alloys under investigation fall into the strong- 
scattering regime (paoo > 165 pQ cm) with negative TCR as expected from the Mooij correla- 
tion. As a consequence, the only relevant length scale describing the disorder is the electron 
mean- free path. Mizutani[15] has estimated mean— free path (Ip 3-5 A) and Fermi velocitv 
[vp ~ 0.25 X 10 cm/sec.) of Cu-Zr-Al and Ni-Zr-Al metallic glasses taking into account 
the possible contribution of both sp and d electrons. Electron mean— free path {Ip) of these 
systems are comparable with the avarage atomic distance (< a >) leading to the breakdown 
of the generalized Faber-Ziman theory (within the Boltzmann transport framew'ork) . The 
increase of psooK with A1 concentration in both the alloy systems may be attributed to the 
enhancement of the degree of disorder. Generally in the case of strongly disordered systems, 
as disorder increases, the electronic states near Ejc start getting localized, superconductive 
coherence is destroyed and the system goes insulating[21]. One thus expects an interesting 
competition between localization (exponentially) and superconductivity. In a large number 
of intermediate and high-T^ superconductors [A-15 compounds (NbaGe), cluster compounds 
(ErRh 4 B 4 ), layered cuprate oxides (Bi 2 Sr(Er,Gd) 2 Ca CuaOj,)] strong disorder reduces Tc dras- 
tically. 

The present transition-metal-based amorphous systems exihibit an extremely dirty type- 
II superconductivity in an isotropic and highly disordered metallic phase. Typical Ginzburg- 
Landau parameter k (~ A/{) is > 80 for this kind of d-band amorphous metal alloys (e.g., 
CuZr, NiZr)[22] and they fall into the type-II regime {k > l/\/2). In the ''dirty limif 
{^/Cbcs « 1), for very small free path (1), using Ginzburg-Landau-Abrikosov-Gorkov (GLAG) 
theory, the product of the BCS coherence length (^bcs) and ^ of electrons has been esti- 
mated in the case of Cuo35Zro.65[22] to be « 1.64 x 10^ A^. Generally, in the case of strongly 
disordered materials, transport properties are more sensitive to the disorder. In the dirty 
hmif the penetration depth of the electromagnetic field is increased by \J^BCs/^e over its 
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Figure 6.3: Plot of normalized resistance {p{T) / p{10K)) versus T for 
(Guo36^ro.64)i-x^4 (0 < X ^ 0.2) amorphous alloys each of which shows 
onset of superconducting transition. The inset shows dp/dT versus T of x=0 0 
alloy from which the is estimated to be 1.7 K. 
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P(T) 

p(lOK) 



T (K) 


Figure 6 4: Plot of normalized resistance (p(T) / p(10K)) versus T for 
(Nio_ 5 Zro 5 )i-xAla; (0 < x < 0.2) amorphous alloys each of which shows onset 
of superconducting transition. The inset shows excellent fit with EEI theory 
(Eq.(6.3)) for x=0.05 alloy. A strong deviation from the fit is observed below 
5 K because of the superconducting fluctuations. 
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Table 6 . 1 : Values of density, resistivity (psoo), temperature coefficient of resistance (p-i 
dp/dT), crystallization temperature (Tcryitaz)) susceptibility (x), superconducting transition 
temperature (Tc), Tc (onset), electron-phonon coupling constant (A), Hall coefficient (R^) and 
Debye temperature (©d) for (Cuo36Zro64)i-a:Alj and (Nio5Zro5)i_a:Alj; alloys. 


X 

Density 

PlOO 

(p If 

X 

T. 

Tc (onset) 

A Rh 

©D 




10-'’ 

10-« 



10-” 


Al cone 

'' cm^ ' 

(/iOcm) 

(K-') (K) 

/ emu \ 

V mole ' 

(K) 

(K) 

(^) 

(K) 


(Cuo se^ro Cd)l-a:Alj- 









5.3* 


0.00 

6 97‘ 

168 5 

-1 2 

710^ 

94 3'’ 

1 7 

4.0 

0.53 

221±17 

0 10 

6.75'’ 

172.4 

-1 1 


93 0'’ 

<1.2 

3.0 


5.0* 

226±l' 

015 

6 53'’ 

178.5 

-1 0 


85.1'’ 

<1.2 

1.9 


8.9* 


0.20 

6 35‘ 

184.5 

~0 6 


80.1'’ 

<1.2 

1.4 


6.8* 

217±1‘ 

(Nio 5^10 r,)l-a:Ala: 











0 00 

7 46“ 

190 1 


772“ 

88 9'’ 

1 25 

2.53 

0.48 

-1.2“ 

314±2'' 

0 05 

7.37“ 

198.4 

-1 2 

793“ 

84 S'’ 

<1.2 

2.13 


-1.0“ 


0.10 

7 19“ 

207 5 

-1 3 

811“ 

79 O'’ 

<1.2 

1.5 


0.0“ 

313±2‘' 

015 

6 83“ 

214.1 

-1 2 

822“ 

75.0'’ 

<1.2 

<1.2 


0.6“ 


0.20 

6 77“ 

219.5 

-0.9 

836“ 

71 2'’ 

<1.2 

<1.2 


1.1“ 

346±3‘' 


“Rhie et al Ref. 38. 
^’Rhie et al Ref 37 


''Bhatuagai ct al Ref 44 
'^Mi7Jitani et al Ref 31. 
'“Miziitatii (i al Ref 15 
-^Sarnwer and Lohneysen Ref. 22. 


value in pure system (clean limit). However, in that limit, the Ginzburg-Landau coherence 
length (oL is reduced to 

= 0.85 [&os( 0 ) 

Using the value of ^bcsI we estimate the GL coherence length from Eq.( 6 . 1 ) and find ^g?l(T= 0 ) 
w 108 A in the dirty limit for (Cuo.36Zro.64)i oAIq.o alloy. Near Tc, the coherence length ^gl 
increases tremendously. 

The electron - phonon coupling constant A in this kind of d-band dominated amorphous 
Cu-Zr-Al and Ni-Zr-Al alloys can be estimated using the relation A = 2 J^{a^F{uj)dLu)/uj 
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where F(a;) is the spectral function which describes the density of phonon states, a2(a;)F(a;) is 
called the Eliashberg function[23]. The Eliashberg function can be estimated from good tun- 
neling data which are still awaited for these alloys. However, using McMillan ’s[24] expression 
for Tc, a way to estimate the electron-phonon coupling, A, is provided by 

^ 1-04 + /X ln(e^/1.45Te) 

(1 - O.62/i)/n(0c/1.45Tc) - 1.04 ’ 

where n is the effective Coulomb coupling constant which is set at 0.13 for transition metals. 
Inserting the values of Tc and ©£> from Table 6.1 in Eq.(6.2), we have found A = 0.48 and 0.53 
for Cuo36Zro64 s-nd Nio.sZros alloys, respectively. With the addition of a simple metal (Al) 
in both these amorphous systems, Tc and hence A reduce drastically. This can be associated 
with the increase of the degree of disorder. The reduction of Tc with increasing paooic can be 
attributed to the QIE e£fects[5, 25, 26]. 

For glassy CuZr and NiZr alloys, [22, 27] the electronic density of states N.^(Ei.) is compa- 
rable with that of pure crystalline Zr. This implies that N.^(Ef) is mainly dominated by 4d-Zr 
band in CuZr and NiZr. Using the electron-phonon enhancement factor (1 -I- A), the bare den- 
sity of states can be written as N6(Ei7) = N.y(Ei;’)/(l-hA). For glassy CuZr and NiZr systems, 
N6 (Ef) « 1 states/ (ev atom) for both the spin directions. The value of A for these amorphous 
alloys is found to be very small (A < 1) and is significantly smaller than the value generally 
observed for simple (non-transition metal) amorphous superconductors (A 2, strong cou- 
pling) [28]. The microscopic origin of superconductivity in this transition-metal- based type-II 
dirty superconductors can be explained through the BCS weak-coupling theory where spin 
singlet state s-wave (orbital angular momentum (£ = 0) pairing (superconducting gap A 0) 
holds, unlike the Heavy Fermions (e.g., UPt3)[29] and probably the high-Tc cuprate type-II 
superconductors where non-BCS d-state (£ = 2) pairing (A = 0) holds[30]. 

Superconducting fluctuation effects in bulk amorphous superconductors are strongly en- 
hanced by the short electron mean-free path {I ~< a >) as well as the small coherence length 
whereas in pure crystalline bulk superconductors these fluctuation effects are very small. Prom 
Pigs. 6.3 and 6.4 it is obvious that in both the amorphous alloy systems the fluctuation region 
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is observed up to several degrees above Tc- Superconducting fluctuation study (paraconduc- 
tivity) using Aslamazov-Larkin (AL) and Maki-Thomson (MT) theories in the presence of 
QIE efifects could be very interesting in this 3-dimensional amorphous superconductors. 


6.2.2 Quantum Correction Analysis 

(a) Electron-electron interaction effects (Tc < T < 15 K) 

The p(T) behaviour of the strong scattering (TCR > 150 /xfl-cm) non-magnetic transition- 
metal-based group(4) amorphous metallic glasses can not be explained[5, 13, 15, 31] through 
the generalised Faber-Ziman theory within the framework of Boltzmann transport. In this 
limit of Kpl > 1, electron mean-free path (I ~< a >) becoming comparable with the in- 
teratomic distance raises the possibility of (a) an incipient weak-localization along with (b) 
enhanced electron-electron interaction. This provides quantum corrections to the Boltzmann 
conductivity. Howson[9] and Howson and Greig[5, 10, 11] have confirmed the need of quan- 
tum corrections to the Boltzmann conductivity in these highly resistive group (4) alloys. In 
this regime a significant interference between the scattered partial waves takes place as the 
electrons propagate between two scattering events. In such highly disordered environments, 
the motion of the conduction electrons becomes diffusive from site to site rather than ballistic 
(classical trajectory). The wavefunctions are not composed of plane waves but waves multi- 
ply scattered from the random potential. The eigenstates of different energies experience the 
same random potential and so they are correlated in space. The spatial correlation enhances 
the amplitude of scattering of any two electrons of similar amplitude. In fact, the amplitude 
becomes singular as the difference between the energies of the two electrons goes to zero[14, 
12]. This is the so-called EEI effect. To explain the electron-electron correlation effects two 
theoretical approaches exist which predict a low-temperature y/T variations of conductivity 
(a) : a scaling theory and a perturbative one which are valid in the limits of strong and weak 
scattering, respectively. 
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In the strong-scattering limit the scaling theory of metal-insulator transition, proposed by 
McMillan[32], yields for the conductivity on the metallic side of the transition a{T) = o'(0)[l + 
^ denotes the correlation gap in the density of states at E^. Cochrane 
and Strom-01sen[16] deduced a quasi-universal temperature variation of conductivity cr(T) — 

<^(0) ~ — (500 ± 100)\/r(fim) \ which is valid for a large number of highly resistive 

metallic glasses having a wide range of (t( 0) values. 

The perturbative interaction approach[7, 8] considers the modification of the effective 
Coulomb interaction in the presence of structural disorder. In the lowest order quantum 
correction this leads to a change in the density of states around the Fermi level, 5N(E) ~ 
\/E. The characteristic temperature dependence of the conductivity <j(T), calculated using 
the Kubo formula and valid for 3-dimensional weak-scattering materials, is given by[7, 8] 

where D is the diffusion constant, and the screening factor for the Coulomb interaction. 

Howson[5, 9, 11] and Mott and Kaveh[33] suggested that, while weak localization effect 
dominates the conductivity above 20 K, at lower temperatures EEI effect is very important for 
these highly resistive metallic glasses. Later on a number of workers[10, 11, 16, 34] observed a 
(-v/T) dependence of resistivity in the low-temperature range in metallic glasses and attributed 
it to the EEI effects. 

Along the same line we have interpreted ct(T) of our alloys in terms of EEI effects in the 
temperature range Tc < T < 15 K. The data for (Cuo. 36 -^ro. 64 )i-iAZa: alloys could not be 
fitted at all to Eq.(6.3), viz, a{T) = cr(0) + nicVT except for x = 0.20. However, the data 
for {Nio. 5 Zro. 5 )i-xAlx alloys fit the above equation very well. The coefficients of the fits, 
the values of (quality of fit), and the ranges of fit are summarized in Table 6.2. Figure 
6.5 and its inset clearly show this low temperature VT dependence of the conductivity of 
(Cuo36-2’ro64)o.8AZo.2 and all the Ni - Zr - Al alloys. The quality of fit (x^ ~ 10““) is 
extremely good and consistent with the very high experimental resolution. The coefficient of 
the ^/T term [m^ (360-460) (fl m)“^ K'^/^] is in good agreement with the near-universal 
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Table 6 2: Fit to a{T) = ao + mcVf in the temperature range (T^ < T < 15 K) : A1 conc.(x), 
parameters, range of fit, diffusion constant(D), and density of states at the Fermi level 
[N(E7r)] for (Cuq 36 Zro. 64 )i-iAla; and (NiosZrosji-xAlj alloys. 


X 

A1 cone. 

(^0 

(f2m)~^ 

rua 

(S7m)-^K-i/2 

2^ 

X 

(10-^°) 

Range of T 

(K) 

D 

10-5 

N(Ei. 

(atom 

(Cuq 36Zro.64)l-EAl2; 

0.20 

529262 

375 

0.3 

4-8 

5.2 

1.10 

(Nio sZro 5)i--a;Ala; 

0.00 

530079 

359 

0.2 

4-11 

58 

0.95 

0.05 

480734 

366 

0.5 

4-15 

5.5 

0.88 

0.10 

457690 

379 

0.7 

3-15 

5.1 

0.89 

0.15 

443267 

438 

1.0 

3-10 

3.8 

1.18 

0.20 

441340 

459 

1.0 

2-8 

3.5 

1.20 


V = l/WESf K(<iato) - Y,(fit)?nY,{data)f 


value of (500±100) (Q m) ^ K Similiar values have also been obtained by Thummes et 
o/.[2] and Das and Majumdar[3] in ferromagnetic metallic glasses. 

We have mentioned in the earlier section that both these metallic glass systems have 
superconducting fluctuations in the low-temperature range and with the addition of A1 (x), 
Tc drops significantly (Figs. 6.3 and 6.4). Superconducting fluctuation in Cu-Zr-Al alloys 
starts around 10 K (Fig 6.3) and the resulting drops in resistivity (p(T)) could very well 
mask the increase in p due to the EEI effects in this low-temperature range. On the other 
hand, in (Cuo 36^7*0.64)08^^0 2 alloy, Tc is much below 1 K and hence the EEI effect could 
be observed. In Ni-Zr-Al alloys, as Tc drops significantly with the addition of A1 (x), the 
range of fit also extends to lower temperatures (Table 6.2). The inset of Fig. 6.4 shows how 
the experimental curve deviates below 4 K from the VT fit because of the superconducting 
fluctuations. At these low temperatures Cooper pairs start forming and they affect the normal 
electron-electron interaction in the presence of weak localization. 
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Figure 6 . 5 : Plot of Aa vs VT for alloys and the best-fitted 

straight lines (Table 6 . 2 ) as predicted by the EEI theory. The inset shows the 
same for (<7140.36^^0.64)08^^0.2 alloy. 
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For all these alloys K^l ~ 4-5 and so one should expect the screening parameter F,, in 
Eq.(6.3) to be negligibly small. The diffusion constant (D), obtained from the slope (m,,) of 
cr(T) and Eq.(6 3) keeping F^ = 0, is in the range (3. 5-5. 5) x 10 ® (m^/s) for all the 6 samples 
(Table 6 2). It is this D which carries the signature of disorder and we find that psoo a 1/D 
for our alloys. The values are similar to those obtained by Howson and Greig (« 2.0 x 10~® 
m^/s for CuTi, CuZr, and CuHf alloys[10, 11]), Oliver et a/.[35] (~ 3.0 x 10~® m^/s) and Das 
and hlajumdar[3] (0.4-4.0) x 10“^ m^/s). Consequently, the value of the density of states 
(N(Ef)), calculated using Einstein relation D = [p(0) e^ N{E;7')]“\ is about 1.0 (atom-ev)~^ 
(Table 6.2) for all the 6 alloys. This value is in excellent agreement with those found in CuZr 
and NiZr non-magnetic metallic glasses[22, 27] after taking into account the electron-phonon 
mass enhancement factor (1+A), where we used A = 0.5, as found in the previous subsection 

All these results lead to the conclusion that the measured slope (m,^) of the ^/T dependence 
of cr(T) can be very well explained in terms of the electron-electron interaction (EEI) theory. 
This provides the most significant correction to the Boltzmann conductivity in these NiZrAl 
and CuZrAl alloys at lower temperatures. 


(b) Quantum interference eflfect (20 K < T < 300 K) 

Tsuei[36] suggested that in strongly disordered crystalline and amorphous alloys the electron 
localization plays a significant role in determining the sign and magnitude of the TOR at 
temperatures even as high as the room temperature. Here the mean-free path of the conduction 
electrons is of the order of average interatomic spacing (1 ~< a >) and the electron motions 
become diffusive. This results in a mutual interference between waves elastically scattered 
from nearby ions and leads to a phase coherence between the scattered partial waves. As a 

consequence, the probability for an electron to return to its origin is enhanced which implies 
a tendency of localization. In Fig. 6.6(a) diffusive paths of two counter propagating partial 
waves of a conduction electron under the influence of elastic scattering from ions have been 
shown. 
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Figure 6.6: (a) Diffusive paths of a conduction electron in a disordered system. The 
electron with two time reversal partial waves propagates in both directions (full and 
dashed lines), (b) The classical probability distribution of a diffusing electron (full 
curve) which starts at r=0 at time t=0. In quantum diflPusion (dashed peak) it is 
twice whereas in the presence of large spin-orbit scattering (dot peak) it becomes 
half of the classical case. 


The probability distribution of a diffusing electron which starts at r=0 at time t=0 is 
shown in Fig. 6.6(b). In quantum diffusion (dashed peak) the probability to return to the 
origin is twice as great as in classical diffusion (full curve). Large spin-orbit scattering reduces 
the probability by a factor of two (dotted peak) and yields a weak antilocalization. Altshuler 
and Aronov[8], Lee and Ramakrishnan[7], and Dugdale[14] have given detailed theoretical and 
phj’-sical interpretations of weak-localization and EEI effects. Generally, two processes, namely, 
temperature-dependent inelastic scattering and presence of magnetic field can destroy the 
phase coherence and reduce the additional resistivity, contributed by the quantum correction 
to the Boltzmann transport. 

Using the scaling approach of Abraham et al.[20] to localization and further simplification 
by Howson[9], the correction to the Boltzmann conductivity is given by 

1 

L,(r) ’ 


Aa(T) = 


(6.4) 



210 


CHAPTER 


where L, is the inelastic diffusion length L^{T) = ^lek{T), where Ig and Ij are elastic and 
inelastic mean-free paths. This was shown[9] to lead to temperature dependence in amorphous 
allo}fs of forms 

Aa ocT, ©p/10 < r < ©i?/3 (6.5) 

and 

Aa oc VT , ©p/3<T<©p. (6.6) 

It is interesting to note that the localization correction to the conductivity (Eqs.(6.5) and (6.6)) 
appears to describe adequately the temperature dependence from 20 K to 300 K in a number 
of non-magnetic transition metal based alloys[ll, 9, 5], e.g., CusoTiso, CusoZrso, CusoHfso, 
Ti 5 oBe 4 oZrio, etc. At higher temperatures, other possible contributions which need to be 
considered (e.g., phonon assisted tunneling, broadening of Fermi surface, thermal expansion 
effect, etc.) were ruled out in those alloys. Moreover, there are some recent reports on 
magnetic amorphous alloys[2, 3] where the localization effect could be detected even till 300 K 
and Eqs.(6.5) and (6.6) could successfully reproduce the experimental data in intermediate and 
high temperature ranges. As mentioned earlier, none of our alloys show resistivity minimum 
till 300 K and they have negligibly small Pauli paramagnetic susceptibility (10~® emu/mol)[37, 
38] (Table 6.1). 

The Debye temperature (©p) of all these alloys are in the range of 250 - 350 K (Table 6.1). 
The region roughly between ©p/10 and ©p/3 clearly shows a linear temperature dependence 
of cr(T) as given in Eq.(6.5) for all the alloys. Figures 6.7 and 6.8 show this linear dependence 
for CuZrAl and NiZrAl alloys, respectively. In Table 6.3 all the fitting parameters, the values 
of ^ the ranges of fit are given. The values of f're consistent with the experimental 
resolution indicating excellent quality of fit. In the region between ©p/3 and ©p, a \/T 
behaviour, as given by Eq.(6.6) is found for all these alloys. Figures 6.9 and 6.10 clearly show 
the \/T dependence for CuZrAl and NiZrAl, respectively and Table 6.3 gives the relevant 
parameters. In this regime as well the fits are excellent (x^ 10“^°). The values of a(0) 
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Table 6.3: Fit in the temperature ranges 0 jd/1O < T < Qd/3 and 0£i/3 < T < Qd : 
A1 conc.(x), parameters, range of fit, inelastic mean-free path (ZJ, equations used, and 
inelastic relaxation time (rj for (Cuo 36 Zro 64 )i-iAl:, and (Nio 5 Zro. 5 )i-iAl,, alloys. 


X 

A1 Cone 

(Jo 

or 


Range of 
T(K) 

i, 

10-'(mT-2) 

or 

10-®(mT-^) 

Fit of a 
to 

T, 

(1010^2)-! 

or 

(10I3T)-1 ; 

(CUq 64)i_xA1x 








00 

566961 

129 

03 

30-60 

2.4 

ao+m'^T 



558871 

2037 

4 7 

70 -180 

09 

<7o + 


0 10 

554037 

123 

39 

30 80 

2.7 

(To + m*JT 



546654 

1932 

64 

100-220 

1 1 

ao + 


0 15 

536881 

113 

39 

28-70 

3.1 

<Jo + 



529941 

1779 

74 

80-170 

1 3 

cTo + 


0 20 

530127 

29 6 

24 

11-28 

4.1 

O’O + 

32.8 


524253 

1036 

6,4 

75-230 

38 

(Jo + 

26.7 

(Nio ^Zin n)i -r Al, 








0 00 

529617 

112 

1 7 

30 75 

3 2 

(To + T7i^r 

2.1 


522612 

1741 

84 

105-250 

1 3 

£Jo + m^\/f 

8.7 

0 05 

479911 

108 

1 3 

35-70 

35 

(Jo + 

2.4 


471749 

1838 

9 1 

100-250 

1 2 

(Jo -f Tn'^\/T 

8.1 

0 10 

456949 

106 

89 

40-80 

36 

(Jo + m‘^T 

2.6 


447619 

1954 

43 

120-250 

1.1 

(Jo + m'^y/f 

7.7 

0 15 

443280 

87 8 

37 

25 50 

5 2 

(Jo + 

5.1 


432921 

1967 

4 1 

100 300 

1 0 

ao + m'^y/T 

10.1 

0 20 

440091 

54 8 

12 

80-140 

13.4 

ao + 

14,3 


430475 

1448 

94 

150-300 

1.9 

ao + m!^y/T 

20.5 
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[which is the extrapolated value of a at T = 0 K] are not exactly the same (Tables 6.2 
and 6.3). This kind of behaviour of a(0) was also obtained by Howson and Greig[9] for non- 
magnetic transition— metal-based alloys where the temperature dependence in the two distinct 
temperature regions does not extrapolate to the same value of cr(0). Das and Majumdar[3] 
also found different values of ct(0) from extrapolations of three distinct regions in the case 
of Co-rich ferromagenetic metallic glasses. The reason for this is not clear. However, in our 
case the variation in o'(O) does not in any way influence the analysis. In Figs. 6.11 and 
6.12 we have shown separately the three distinct regions of (y/T/T/y/T) on the same log-log 
plot for (Cuo 36 ^ro 64 )i-i^^x and (Nio.sZrobh-xAlx alloys, respectively as predicted by weak 
localization and EEI effects. The parallelism of the lines is rather striking. In Figs. 6.11 and 
6.12 the transitions region (in temperature) are intentionally left out. The plots are shown 
only in those temperature regions where VT, T, and y/T dependences are found through non- 
linear least-squares fit (the regions are specified in Table 6.2 and 6.3). Thus the plots for each 
sample look discontinuous. 

Taking the elastic mean-free path length (Q 3 A, which is of the same order as the 
interatomic spacing for all our alloys[15], we obtain (shown in Table 6.3) from Eq.(6.4) and 
the slope of the cr(T) curves, the inelastic mean-free path length ^t(T) = (2.4-3. 1) x 10"'^ T~^ 
(m) for the CuZrAl and (3.5-13.4) x 10“^ T“^ (m) for the NiZrAl alloys in the temperature 
range ©o/lO < T < ©o/S. In the region ©d/3 < T < ©d, the same lt(T) = (0.9-3. 8) x 10"® 
T"^ (m) for the CuZrAl and (1. 0-1.9) x 10~® T"^ (m) for the NiZrAl alloys. All these values 
are very much similar to those of 7.7 x 10"'^ T~^ (m) for T < ©d/3 and 1.8 x 10"® T"^ (m) 
for T > ©d/3 reported in the case of non-magnetic transition-metal-based alloys[9]. Above 
©D there is a significant departure from both T and a/T behaviour for all the alloys. 

To interpret the quantum interference in the presence of structural disorder (weak local- 
ization), several theories[7, 8] predict the lowest order quantum correction to the Boltzmann 
conductivity of a 3-dimensionaI disordered system in zero magnetic field as 


27r^h 


Aai = 




(6.7) 
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where Tj is the inelastic scattering time. Poon et al [39] have shown that the increases with 
in the low-temperature range. We have estimated the inelsatic scattering time in our alloys 
in the two distinct temperature regimes using Eqns. (6.5), (6.6) and (6.7) and the values of 
D found from the low-temperature range (Table 6.2). Table 6.3 lists all the values of r, which 
are (2.3-14.3) x lO'^^ T’^ (s) for T < Od/S and (7.7-20.5) x lO-^^^-i (s) for T > ©ij/3. 
Many experimental investigators [14, 39] found Ti of the order of 2.0 x 10~^° T~^ (s) in CuZr, 
CuHf, and CuTi systems in the low-temperature range. These values agree quite well with our 
estimated values. Generally the elastic scattering time (tq) is of the order of (^ IQ-^^-lO”^®) 
s in these highly resistive alloys. This is much smaller than the inelastic scattering time (r 
~ (10“^^-10“^^) s) even in the higher temperature range which strongly suggests the finite 
probability of electron localization in our alloys. 

As mentioned earlier, in all group (4) non-magnetic transition-metal-based alloys the Fermi 
level (Ej?) lies in the d-band. Photoemission spectroscopy measurements coupled with band 
structure calculations in CuTi, NiZr, and CuZr metallic glasses revealed that the valence 
band is split into two peaks, one near Ep dominated by the 4d-states of the early transition 
metal and the other one at higher binding energy [40]. Mizutani suggested[15, 41] that in all 
group(4) non-magnetic metallic glasses the behaviour of p(T) between 30 K and 300 K could 
be described by the empirical relation 

= A + B exp( - , (6-8) 

where A, B and A are fitting parameters and paoo is the resistivity at 300 K. Mizutani[15] has 
found that the characteristic temperature A in Eq.(6.8) is strongly correlated with the Debye 
temperature (©d), and an increase in Od leads to an increase in A. Along the same line we 
have also examined whether the above empirical relation can describe the present data. In 
Table 6.4 we have summarized all the fitting parameters, the values of x^, and the range of 
fit. Figures 6.13 and 6.14 show the fitted curves along with the experimental data for CuZrAl 
and NiZrAl alloys, respectively. It is quite clear that Eq.(6.8) fails to explain the data below 
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Table 6.4: Parameters A, B, and A, obtained from the 
fit to Eq.(6.8), x^, range of fit for (Cuo 36 Zro 64 )i-xAli and 
(Nio. 5 Zro. 5 )i_j;Al 2 ; alloys. 


X 

A 

B A 


Range 

(A1 cone.) 


(K) 

(io-«) 

(K) 


(Cuo seZro 64 )i-iAlx 


0.0 

0.985 

0.0630 

218 

0.8 

30-300 

0.10 

0.983 

0.0654 

232 

3.6 

30-300 

0.15 

0.986 

0.0585 

217 

1.6 

30-300 

0.20 

0.986 

0.0391 

290 

0.4 

30-300 

(Nio 5Zro.5)i_xAlx 

0.0 

0.971 

0.0812 

327 

2.1 

45-300 

0.05 

0.965 

0.0839 

344 

2.2 

50-300 

0.10 

0.963 

0.0922 

336 

2.8 

30-300 

0.15 

0.961 

0.0951 

338 

0.6 

40-300 

0.20 

0.938 

0.0990 

645 

0.9 

100-300 


~ 40 K. Table 6.4 shows that A is typically of the same order as the Debye temperature (0 d) 
of the alloys. 

It was believed[42] that the coefficient B is a better parameter for expressing the overall 
change in resistivity compared to the TCR at 300 K. We find that the fit to each curve (Figs. 
6.13 and 6.14) is at least one to two orders of magnitude poorer (x^ ~ 10~®-10"®) compared 
to our experimental resolution as well as that for the quantum correction analysis. 

Recently Bhatnagar et a/. [43] also could not fit the p(T) data of some non-magnetic 
transition-metal-based metallic glasses with the same empirical Eq.(6.8). In addition, they 
could not find even unique values of the fitting parameters A, B and A. However, they could 
successfully interpret their data in terms of QIE. Moreover, to the best of our knowledge, so 
far there is no physical or theoretical justification of this empirical exponential law. 
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So we conclude that the weak localization and the electron-elecrton interaction theories 
give a much better and consistent description of the present p{T) data. 


6.2.3 Thermoelectric Power 


The thermoelectric power (S), which is essentially the entropy per unit charge transported by 
an electric current, is small, positive and of the order of /rV/K in all our alloys at 300 K. In 
Fig. 6.15 we have shown the variation of S/T for both {CuQ.z^ZTQSi)i-xAl^ (shown as curve a) 
and (A^io. 5-^^0 (curve b) alloys vuth A1 concentration (x). Initially, it increases with 

X, attains a maximum around x = 0.1 and then it decreases. This is very similar to the result 
reported by Mizutani[31] on Ni-rich (Nio eyZro 33 Ah) alloys (Fig. 6.15, curve c) where they 
found a peak at x = 0.3. However, in the case of Zr-rich (Zro 64 Nio. 36 )i-iAh, S/T continuosly 
decreases with x as reported by Bhatnagar et aZ.[43] (Fig. 6.15, curve d). So, we infer that the 
peak shifts towards the lower concentration of A1 (x) as the alloys pass from the Ni-rich side 
to the Zr-rich side. In a simple naive approach, ignoring any s-d hybridization contribition, 
we have made an attempt to find a qualitative explanation of the variation of S/T with A1 
concentration (x). Applying Mott’s s-d scattering model the expression for S/T is given by 


5 

T 




B 


3 ^ 1 dNd 




T, 


(6.9) 


3 I e I L 2€p Nd dc 

where is the d-band density of states and ep the Fermi energy. We believe that the density 
of states at ep in Cuo. 36 Zro .64 and NiosZro.s is dominated by the Zr-4d states and the addition 
of A1 reduces both Cu and Zr, and Ni and Zr concentration in the two systems. FVom the 
XPS spectra[31] the same conclusion could be drawn. The typical behaviour of S/T with x 
in our alloys mainly depends on the relative change of the two terms in Eq.(6.9), namely, the 
negative term due to the free electron (s-electron) contribution and the positive term due to 
the variation of the d-band density of states at the Fermi level. 
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6.3 Conclusion 

We have systematically studied the electrical resistivity p(T) of Zr-rich {Cuo 36 Zro. 64 )i-xAlx 
with X = 0, 0.1, 0.15, and 0 2 and {Nio. 5 Zro 5 )i-xAk with x = 0, 0.5, 0.1, 0.15, and 0.2 non- 
magnetic transition-metal— based amorphous alloys. We find that all these alloys fall into the 
strong-scattering regime (paoo > 165 fiQ. cm) with negative TCR till the highest measuring 
temperature (300 K). In both the systems, addition of Al, enhances psoo- In the very low- 
temperature region each alloy shows a tendency of superconductivity. They are found to 
be highly disordered, extremely dirty type-II BCS superconductors. The electron-phonon 
coupling constant is found to be very small (A ~ 0.5) unlike the simple (non-transition metal) 
amorphous superconductors (A ~ 2). We also find that with the increase of the degree of 
disorder with Al concentration (x), the superconducting transition temperature (Tc) gets 
suppressed. 

In regions Tc < T < 15, ©£)/10 < T < © d / 3 , and © d /3 < T < ©d, in {CuoM^rQ u)\-xAlx 
system we could observe only T and \/T dependence at intermediate and high temperature 
ranges except for (Cuo. 36 -^’"o 64 ) 08 ^^ 0.2 alloy where the low-temperature \/T regime was also 
seen. This is clearly because of the superconducting fluctuations w'hich appear even much 
above their Tc’s and overshadow the -v/T dependence of a in the low temperature range. 
However, the conductivity in (Nio sZro 5)i^xAlx alloys, varies as y/T, T, and \/T, respectively, 
due to electron-electron interaction and weak localization effects. Thus we are able to observe 
three distinct regions of conductivity in the same alloy, hitherto only theoretically predicted. 
This is the first such report {three distinct regions in each specimen) in a non-magnetic clean 
system, the earlier one on the ferromagnetic Co-rich alloys[3] is somewhat controversial because 
quantum correction has been applied in the presence of spontaneous moment. The coefficient 
of the VT term at low temperatures [(360-460) (fim)~^K"^/^]is in good agreement with the 
near-universal value of (500±100) (nm)~’^K“^/^, obtained by Cochrane and Strom-01sen[16] 
for many amorphous systems. Also the diflFusion constant of electrons [D ~ (0.4-4.0) x 10“® 
m^/s] is in good agreement with those of the binary non-magnetic transition-metal-based 
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alloys[10, 11, 5], e.g., CuTi, CuHf, and CuZr (D ~ 2 x 10"® m^/s). The density of states at 
the Fermi level, calculated from D, is in excellent agreement with those obtained from specific 
heat measurements[27, 22]. Inelastic mean-free path length (li) and inelastic relaxation time 
(rj, estimated using weak localization theory, agree very well with the experimental results 
for CuTi, CuHf, and CuZr systems as reported by Howson[9, 11, 5], Dugdale[14], and Poon et 
al.[39]. 

A number of experimental results based on high-field magnetoresistance measurements 
in non-magnetic amorphous alloys Cu-Zr, Cu-Ti, Ti-Be-Zr, etc. by Howson et a/. [11], Bieri 
et a/.[17], Schulte et u/.flS], and Hickey et al.[19] have confirmed the contribution of super- 
conducting fluctuations, weak localization and EEI in the presence of spin-orbit interactions. 
High-field magnetoresistance measurements on this alloy system will be useful to single out the 
effects from localization in the presence of spin-orbit interaction, superconducting fluctuation 
and electron-electron interaction. 

Our results provide further evidence that the low-temperature electrical transport in non- 
magnetic transition-metal-based alloys can be better described by quantum corrections to 
the Boltzmann conductivity rather than the empirical exponential form given by Mizutani. 
The addition of A1 seems to behave like metalloid addition enhancing the stability against 
crystallization. 
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Chapter 7 


Conclusions 


In this chapter we summarize briefly some of the important observations and conclusions from 
the present study. In this thesis we have made an attempt to understand the transport and 
magnetic properties of some highly resistive crystalline and amorphous alloys and to indentify 
the dominant physical processes responsible for their behaviour. 

In the case of the Fe-Ni-Cr alloys what distinct features does this system show in electronic 
transport, magneto - transport and magnetization when it undergoes a gradual change for 
long-range FM to long-range AFM with intermediate SG and RSG phases within the same 
crystallographic phase have been studied thoroughly. Moreover, how the electronic transport 
properties are affected by short-range magnetic ordering, clustering or setting in of long-range 
FM or AFM order or frozen-in frustrated spins (arising out of strong competing FM and AFM 
interactions) with no long - range order have also been investigated. 

Fe-Ni-Cr 

(a) Resistivity 

We have performed systematic electrical resistivity measurements on 7 -Fe 8 o-a:Nia:Cr 2 o (14 
< X < 30) substitutionally disordered, crystalline, austenitic stainless steel alloys in diff'erent 
magnetic states in the temperature range between 10 and 600 K. The value of Psqok for all 
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these alloys lie between 90 and 120 /iQ cm. All of them show positive TCR with decreasing 
magnitude at higher temperatures. 

At low temperatures, we conclude that the dependence of p of these magnetic alloys 
in the long-range (FM or AFM) regime mainly arises from the electron - magnon (spin wave) 
scattering. The latter also provides a more consistent picture for the entire range of x. We also 
find that the Baber mechanism is too small to explain this low - temperature behaviour. 
We further conclude that for the alloys (x = 19 and 21) in the SG regime, the contribution 
becomes somewhat smaller (as it should be) and an additional contribution, which arises 
from the electron - phonon scattering in the presence of s-d interaction, plays an important 
role in the behaviour of the low-temperature p(T). 

The most important observation made in each alloy (in Chapter 3) is the strong deviation 
from linearity (DFL) of p, which is an indication of resistivity saturation at high temperatures, 
irrespective of its low - temperature magnetic state. The TCR vs p curves for all the alloys 
merge in the temperature range of 100 - 600 K, showing a striking correlation. This behaviour 
indicates that both thermal and compositional disorders are equally important in determining 
the resistivity saturation. Our study provides a rigorous test of some theoretical models. In 
conclusion, we argue that the particular way in which the alloys approach saturation can be 
understood quite well on the basis of the parallel - resistor model. The phonon - ineffectiveness 
model has failed to explain this strong downward DFL of p at high temperatures, atleast in 
our alloys. The ion - displacement model also provides a consistent explanation of the DFL 
of p at high temperatures. However, every model has its own limitations. None of them 
provide a single constant saturation resistivity derived from the experimental data. Also one 
does not know whether a unique saturation resistivity or a number of them is desirable for 
the entire range of concentration (x) of this particular alloy system because of insufficient 
theoretical inputs. To the best of our knowledge very few studies have been made on highly 
resistive crystalline alloys to resolve this open problem of resistivity saturation. Further works 
are needed in this directon. We also conclude that the cxsat these alloys are much higher 
than those expected if this system approached the region of minimum metallic conductivity 
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(c^miri)- Thus the two situations, namely, the conductivity V’ when the electron mean free 
path approaches the lattice spacing (I ~ a) and the minimum metallic conductivity, are not 
alike. Greater attention should be paid in the direction of the band - theory calculations in 
ternary 3d-transition metal alloys which ultimately will help in understanding the transport 
properties of these systems in a more quantitative manner. 

(b) Magnetoresistance 

The most important observation made in the low-field magnetoresistance (MR) studies 
(Chapter 4) is that all the alloys show negative (anomalous) MR (with large isotropic part) 
(except X = 14 (AFM) alloy) below 50 K. Above 50 K all of them show Kohler type (quadratic 
in H) normal MR. This Fe-Ni-Cr series exhibits small MR (maximum ^ ~ 1%) and also a 
positive contribution at high fields and temperatures. At the lowest field and temperature the 
FM (x = 30) alloy does show a small FAR because of the domain orientation like a conventional 
FM. 

The MR of all the alloys has a large isotropic part. The magnitude of anisotropy MR 
[(^)ll - (^)j.] decreases as this system moves away from the long-range ordered phases (x = 
30 (FM) or X = 14 (AFM)). In the low-field regime below 50 K, the MR data of all the alloys 
have been well described by an empirical relation ^ = —a{T)H^ with distinct values of a 
and n for different magnetic phases. In the case of the concentrated SG alloy (x = 21), n is 
found to be | whereas for the mixed phase alloy (x = 23) it is | and they remain temperature 
independent below 50 K. From these results we claim that these are the characteristics of 
the field dependence of MR in the concentrated SG and re-entrant SG phases, respectively. 
Definite trends of MR, a and n with composition (x) have been obtained as the Fe-Ni-Cr system 
evolves from the long-range AFM ordering to the long-range FM ordering passing through the 
critical concentration (x Xc) where the maximum change of all the three quantities occurs. 

In the case of the SG alloy (x = 21), the MR correlates very well with M as ^ oc 
over a wide range of temperature and field. The isotropic part of MR [(^)z,o] correlates 
with M in distinct fashions in different magnetic phases in the presence of either short or 
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long-range ordering. For the SG alloys with no long-range ordering it correlates very well 
with M satisfying an empirical relation [(^)tso] = —ot[M(H)]^. As the system approaches 
towards the long-range FM ordering from the SG and RSG regimes, a distinct deviation from 
the above relation has been observed and finally in the case of long-range FM alloy (x = 30) 
the relationship of = -a[M^{H) - M^{0)] holds. 

We thus conclude that the RSG (x=23 and 26) phase is the precursor to the FM ordering. 
For the RSG alloys there is a short - range FM ordering on the scale of electron mean - free 
path (~ 10 - 20 A). For the FM alloy (x = 30), a homogeneous canted FM phase sets in. At 
low fields alignment of domains produces a rapid increase in M without affecting the resistivity 
as the domain size is much greater than the electron mean-free path. At higher fields (beyond 
technical saturation) once a single domain structure is established, the progressive alignment 
of individual moments of canted spins (which is manifested in the high-field slope of the M-H 
curve (Fig.4.3) beyond the technical saturation) dominates the MR behaviour and the 
dependence. 

So a gradual evolution of MR occurs as one goes from the long-range FM ordering towards 
the critical region (x « Xc) close to the SG regime. 

At low temperatures and very high fields beyond 4-5 tesla the observed upturn in the 
negative MR in these Fe-Ni-Cr alloys has been attributed to the positive (normal) contribution 
having a quadratic field dependence [(^)n ~ aH'^\. The negative (anomalous) contribution 
mainly arises from the suppression of the spin - flip scattering in these alloys in different 
magnetic states. 

The contribution to MR from QIE is found to be very small (if present at all) compared 
to the magnetic contribution. Moreover, a very important point to be mentioned here is that 
the presence of any ferromagnetic impurity can destroy weak localization. In all these random 
magnetic alloys Ni is ferromagnetic and there are also strong FM interactions among some 
other pairs. It is very unlikely that weak localization can persist in these magnetic alloys. So 
one has to be very careful in invoking QIE in these Fe-Ni-Cr alloys. 
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To our knowledge, very few MR studies have been done on similar type of highly resistive 
crystalline alloys. More work is needed to understand anisotropies, QIE, magnetic effect, etc. 
in these magnetic alloys. 

(c) Magnetization 

A systematic high-held (0 - 20 T) dc-magnetization measurements, M(H) and M(T) have 
been carried out between 4.2 and 60 K, and 19 and 700 K, respectively in these Fe-Ni-Cr alloys. 
All these samples are at the vicinity of the critical concentration regime for long-range FM and 
AFM orderings and have strong competing interactions between different kinds of magnetic 
atoms. We hnd a number of distinct functional relationships M(H) in different magnetic 
phases below their respective magnetic transition temperatures. Because of the very large 
Xhf compared to that of a conventional FM, we conclude that the nature of ferromagnetism 
in the case of the alloys with x = 30, 26 and 23 in their FM phase is unlike that of a standard 
FM. They are very hard to saturate even at a held of 19 tesla at 4.2 K. The law of approach to 
saturation reproduces the high-held M(H) data in the saturation regime resonably well. In the 
light of the Rhodes- Wohlfarth criterion, the alloys with x = 30, 26 and 23 in their FM regime 
are of weak - itinerant type. The non-integral values of the number of Bohr magneton per 
atom iji) and the strong deviation from the Slater-Pauling curve support this weak-itinerant 
picture. In the FM alloy with x = 30, the combination of the long wave-length spin wave and 
Stoner single particle excitations describes the thermal demagnetization process quite well till 
0.5 Tc. We conclude that the introduction of Cr in this alloy system substantially reduces the 
spin-wave stiffness constant X>(0), suppresses the anharmonic term (T®/^) and enhances the 
Stoner term. 

In the case of the alloys with x = 26 and 23 (mixed phase) , this particular study confirms 
that below the second transition the long-range FM ordering coexist with the transverse 
SG freezing supporting the G-T model. Neutron- depolarization studies coupled with small- 
angle neutron scattering would be able to provide a complete picture of the transeverse spin 
component in the FM domain (which might be of vortex-like spin structure), the nature of 
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the domain-wall motion and the spin-modulated structure. In the concentrated SG alloys (x 
= 21 and 19) the high-field response d3mamics of the frozen spins is similar to that of the 
archtypical spin glasses. 

Our analysis on x = 14 (AFM) alloj-^ shows that the long - range AFM structure of this 
allo}' is of type 1 w'here the 1st nearest neighbour interaction (Ji) is AFM and the 2nd one 
is FM (J2). Since | J2/J1 | > 1, we conclude that this alloy must have a strong itinerant- 
electron-AFM contribution. Our estimated molecular field coefficents 71 and 72 for the 1st 
and 2nd nearest neighbour interaction in different sublattices are also compatible with the type 
1 kind of AFM structure. The latter shows a spin-flop transition at 1 T due to the canting 
of the AFM spins in the strong external magnetic field. Beyond this transition a square-root 
dependence of magnetization with external field is found whereas below it the dependence is 
linear. 

At present, as there is no band structure (electronic or magnetic) calculation in these alloys, 
it is very difficult to estimate and correlate anything in more quantitative terms. Greater 
attention must be paid in this direction for better correlation of the transport and magnetic 
properties of these ternary alloys. 

Moreover, a few more experimental techniques which could be the tools to study mag- 
netism on a short length scale (i.e., rather local to the probing atom) should be employed 
on this ternary magnetic alloys to supplement our present investigations. /xSR, neutron de- 
polarization, Mossbauer spectroscopy, and time differential angular distribution / correlation 
(TDPAD/TDPAC) techniques using heavy-ion beams would throw more light on the under- 
standing of these exotic magnetic phases with short or long-range ordering. 

Cu/Ni-Zr-Al 

We have also systematically studied the electrical resistivitj' p(T) of Zr-rich (Cuo.seZro 64)1-1 
Alx with X = 0, 0.1, 0.15, and 0.2 and (Nio5Zro5)i_iAla; with x = 0, 0.5, 0.1, 0.15, and 0.2 
non-magnetic transition-metal-based amorphous alloj'^s We find that all these alloys fall into 
the strong-scattering regime (psoo >165 fiQ cm) with negative TCR till the highest measuring 
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temperature (300 K). In both the systems, addition of Al, enhances paoo- Iii the lowest tem- 
perature region each alloy shows a tendency of superconductivity. They are found to be highly 
disordered, extremely dirty type-II BCS superconductors. The electron-phonon coupling con- 
stant is found to be very small (A ~ 0.5) unlike the simple (non-transition metal) amorphous 
superconductors (A ~ 2). We also find that with the increase of the degree of disorder with 
Al concentration (x), the superconducting transition temperature (Tc) gets suppressed. 


In regions Tc < T < 15 K, 0^/10 < T < ©p/3, and ©p/3 < T < ©p, in (Cuq seZro 64)i-iAli 
system we could observe only T and \/T dependences at intermediate and high temperature 
ranges except for (Cuq seZro 64)o.8Alo.2 alloy where the low-temperature y/T regime was also 
seen. This is clearly because of the superconducting fluctuations which appear much above 
their Tc’s and overshadow the y/T dependence of cr in the low-temperature range. However, 
the conductivity in (Nio5Zro5)i_xAl2; alloys, varies as y/T, T, and y/T, respectively, due to 
electron-electron interaction and weak localization effects. Thus we are able to observe three 
distinct regions of conductivity in the same alloy, hitherto only theoretically predicted. This 
is the first such report {three distinct regions in each specimen) in a non-magnetic clean 
system, the earlier one on the ferromagnetic Co-rich alloys is somewhat controversial because 
quantum corrections have been applied in the presence of spontaneous magnetic moment. The 
coefficient of the y/T term at low temperatures [(360-460) (Om)“^K~^/^]is in good agreement 
with the near-universal value of (500±100) (fIm)“^K~^/^, obtained by Cochrane and Strom- 
Olsen for many amorphous systems. Also, the diffusion constant of electrons [D ~ (0.4-4.0) 
X 10“^ m^/s] is in good agreement with those of the binary non-magnetic transition-metal- 
based alloys, e.g., CuTi, CuHf, and CuZr (D ~ 2 x 10“® m^/s). The density of states at the 
Fermi level, calculated from D, is in excellent agreement with those obtained from specific 
heat measurements. Inelastic mean-free path length {Q and inelastic relaxation time (tj), 
estimated using weak localization theory, agree very well with the experimental results for 
CuTi, CuHf, and CuZr systems as reported earlier. 
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High-field magnetoresistance measurements in this alloy system will be useful to single 
out the effects from localization in the presence of spin-orbit interaction, superconducting 
fluctuations and electron-electron interaction. 

Our results provide further evidence that the low-temperature electrical transport in non- 
magnetic transition-metal-based alloys can be better described by quantum corrections to the 
Boltzmann conductivity than the empirical exponential form given by Mizutani. 
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APPENDIX A 


Software developed for data aquisition for electrical transport measurements 
in the temperature range of 1.2 - 300 K employing different IEEE interfaceble 
devices (PID-temperature controller, current source, digital multimeter adapted 
with 20 channel scanner, etc.) with IBM compatible PC/AT (80386). 


program Resistivity_measurement; 
uses gpib,dos,crt ; 
type 

read=array [1 . . 100] of real; 

var 

vbuf , cbuf , tbuf , sbuf , s Ibuf : iobuf ; 
gl , g2 , g3 , g4 , n , prema , cs , temc , 1 : integer ; 
ti,tu:iobuf ; 
v,t rread; 

f name , date , usr , t ime , stg ,sli, strg , ts , tsl , sampll , sampl2 : string ; 

1 1 , init , f init , heat , incr , icr , cur , t oil , t ol : real ; 
num, sum, sumsq,meansq, dev, stdev, mean -real ; 
bkground : boolean ; 
procedure 

SettingsC var init, finit, tol , incr , cur : real; var N'integer); 
var 

T:real; 
y: integer ; 
cr , If : char ; 
begin 

clrscr; 

window Cl, 1,80,25) ; 
write (» INITIAL TEMPERATURE O; 
readln(init) ; 

write FINAL TEMPERATURE O; 
readlnCf init) ; 

If init > finit then 
begin 

T:- init; 
init:= finit; 
finit := T; 
end; 

writeln(#7,#7, 'PLEASE GIVE TEMP . INCREMENT (In Kelvin) '); 
readln(incr) ; 

if incr< 0.1 then 

begin 

writeln(#7,#7,'N0T ACCEPTABLE M TAKING INCREMENT = 0.1 K'); 
incr :=0.1; 
end ; 

writeln(#7,#7, 'GIVE TEMPERATURE TOLERANCE FOR TAKING DATA ').; 
readln(tol); 

If tol > 1 then 
begin 
tol:= 1; 

writelnC 'Your value was too large. Taking it to be 1.00.'); 

end; 

clrscr; delay (500); 


writeln(#7,#7,#7, 'PLEASE GIVE SAMPLE CURRENT IN Amp ( e.g. 100mA as 0.1) 
readln(cur) ; 

if cur< 0.001 then 

begin 

writeln(#7,#7,'N0 SAMPLE CURRENT? TAKING CURRENT = 0.001 Amp'); 
cur: =0.001; 

1 

if cur >0.101 then 
begin 

writeln(#7,#7,'VERY HIGH CURRENT!! TAKING CURRENT = 0.1 Amp'); 
cur : =0 . 1 

end; 


writelnC 'HOW MANY DATA TD BE AVERAGED ? '); 

readln(N) ; 
if N < 3 then 
begin 

writ€ln(#7, 'That was too small. Taking it to be 3.'); 
N:= 3; 
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else if N > 100 then 
begin 

writelnC 'That was too large. Adjusting it to be 100.'); 
N:= 100; 
end; 
clrscr; 


writelnC' OUTPUT FILE NAME : ',fnajne); 

writelnC' INITIAL TEMPERATUKE* ' , init : 4 : 2 , ' ', 'FINAL TEMPERATUEE=' ,finit ;4:2) ; 

wr iteln ( 'TOLERANCE :*',tol: 1:3,' ' ,'TEMP. INCREMENT: = ' .incr:2:2, 'K') ; 

cr:=chr(13); lf:=chr(10); 

writelnC 'PRESS: ' ,cr. If , ’ Q : To Exit ' ,cr,lf , ' C: To Change TempTol', ' 

'I: TO CHANGE INCR'); 

gotoXY(58,4); 

textcolorClS) ; 

writelnC 'USER NAME :=> '); 

gotoXY(73,4); 

textcolor C15+16) ; 

writelnCusr) ; 

gotoXYC53,6); 

textcolorClS) ; 

writelnC 'STARTING TIME : '); 
gotoXYC70,6); 
writelnC time) ; 
gotoXYC44,8); 
writelnCsampll) ; 
gotoXYC44,9) ; 
writelnCsampl2) ; 
gotoXYC56,ll); 
writelnC'DATE := ' ,date) ; 

gotoxyC3,14) ; 

wr iteln C ' SL . NO . ' , ' ' , ' TEMP . ' , ' ' , ' RESTNC-IN-CHANL-2 ' , ' 

, ' SDV2 ' , ' ' , ' RESTNC-IN-CHANL-e ' , ' ' , ' SDV6 ' ) ; 

textcolor Cl4) ; 
window Cl. 16,80,25) 
end; 

procedure newtolCveir tol'.real); 
var 

y : integer ; 
begin 

wr iteln C#7 , #7 , #7 ' GIVE NEV TEMPTOLERENCE VALUE C0=QUIT) ' ) ; 
readlnCtoll) ;y:=wherey; 
if toll = 0 then 
tol :=tol+toll 
else 

tol:*toll; window Cl, 1,80,6) ; 
got oxy C 1 , 3) ; writeln C ' TOLERANCE : = ' , tol : 1 . 3) ; 
window C 1 , 16 , 80 , 25) ; 
gotoxyCl.y) ; 
end; 

PROCEDURE nuincrCvar incr:real); 
var 

y .‘integer; 

begin ^ ^ 

writeln C#7,#7,#7'GIVE TEMP. INCREMENT C0=QUIT)'); 
readln Cicr) ; y : *wherey ; 
if icr»0 then 
incr:=incr+icr 
else incr:=icr; 

window Cl, 1,80, 6) ; . 

gotoxyC21, 3); writeln C'TEMP. INCREMENT :='. incr:l:2,'K'); 
window Cl, 16,80,25) ;gotoxyCl,y) ; 
end; 


procedure escape; 
begin 

writelnC 'PROGRAMME TERMINATED' 

bkgr ound : =true ; 

halt 

end; 

procedure check; 
var ch:char; 
begin 

if keypressed then begin 
ch:*readkey ; 


case ch of 
'q' ,'Q' : 


escape; 


), 
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newtol(tol); 
nuincr (incr) ,* 
end ; end end ; 

procedure statistics (datarread; var N: integer, var mean, stdev: real ) ; 
var 

i: integer ; 
begin 

sum* =0; 
sumsq:=0; 

for i:= 1 to N do 
begin 

num =data[i]; 
sumsq*=suinsq+sqr(num) ; 
sum =sum+num; 
end; 

meansq: =sumsq/N; 

mean : =abs ( sum/N) ; 

dev : =abs (meansq-sqr (mean) ) ; 

stdev : =sqrt (dev) ; 

end; 

procedure convert (si . string; var buf :iobuf,n; integer) ; 
var 

1 : integer ; 
begin 

for i*=l to n do 
buf [i] :=sl [i] ; 
end; 

procedure change (var bufriobuf; var str: string; var gl. integer); 
var 

i,k : integer; 
begin 
k:=l; 
str:=" ’ ; 

for i:=l to gl do 
begin 

str : =str+buf [k] ; 
k:=k+l ; 
end; 
end; 

procedure initialise; •{ initialises GPIB instruments } 
var 

strng , St , strg , strn : string ; 
begin 

prema:=ibfind('sdvl82 0 ; 
temc : =ibf ind ( ^ temp ^ ) ; 
cs:=ibfind(^cs220’) ; 
ibclr (prema) , ibclr(temc) ; 
ibclr (cs) ; 
st:=*D0FlR0V10GlX' ; 
convert (st , cbuf , 12) ; 
ibwrt (cs,cbuf ,12) ; 
strng : = 'VDA1T4M2^ 
convert (strng, vbuf, 9) ; 
ibwrt (prema , vbuf , 9) ; 
strng :=^M1P90I35D30R5ASX^ ; 
convert (strng , tbuf , 16) ; 
ibwrt ( temcjtbuf , 16) ; 
end; 

procedure settem(var initireal); 
begin 

str(init :3: l,tsl) ; 
tsi;=>s'+ tsl ; 

1: -length (tsl) ; 
convert (tsl, slbuf,l) ; 
ibwrt (temc , s Ibuf , 1 ) ; 
end; 

procedure f orcur (var cur : real) ; 
var 

1 : integer ; 

St : string [8] ; 
ibuf : lobuf ; 
begin 

str (cur ; 1 :3,st) ; 
st:='I' + st+’X' ; 
i: “length (st) , 
convert ( St , ibuf , i) ; 
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ibwrt (cs ,ibuf ,i) ; 

end; 

procedure revcurCvar cur: real), 
var 

St : string [8] ; 

1 : integer ; 
r ,re :real; 
ibuf : lobuf ; 
begin 
r :=cur; 
re:= - r ; 
str (re: 1 :3,st) ; 

St :=’I*+st+'X' ; 

1 :=lengtli(st) ; 
convert (st , ibuf , i) ; 
ibwrt (cs , ibuf , i) ; 
end; 

procedure commandl; 
var 

sttrg: string; 
kbuf : lobuf ; 
begin 

sttrg:=^VDAlT4M2’; 
convert ( sttrg, kbuf ,9) ; 
ibwrt (prema , kbuf , 9) ; 
end; 

procedure coinmand2; 
var 

sttrgg: string; 
kkbuf : lobuf ; 
begin 

sttrgg: =^VDA1T4M6’; 
convert (sttrgg, kkbuf ,9) ; 
ibwrt (prema , kkbuf , 9) ; 
end; 

function voltage (var prema: integer) : real; 
var 

vobuf : lobuf ; 

strg , strgl ; string ; 

v:real; 

code , tap : integer ; 
begin 
g2:=32; 

ibrd (prema , vobuf , 32) ; 
change (vobuf , strg, g2) ; 
tap : =pos ( ^ V ’ , strg) ; 
strgl :=copy (strg, 0, (tap-1)) ; 
val (strgl , V , code) ; 
voltage : =abs (v) ; 
end; 

function temperature (var temc : integer) : real ; 
var 

St ‘.string; 
code: integer; 
begin 

g3:=64; 

ibrd (temc , tu , 64) ; 
change (tu , strg , g3) ; 
stg : =copy ( strg ,1,6); 
val (stg,tl, code) ; 
temperature : =tl ; 
end; 

procedure resistance (var ohm, sdv: real) , 
var 

i: integer; 
volt ‘.real; 
begin 

for i:=l to n do 
begin 

v[i] :*voltage (prema) ; 
end; 

statistics (v,n, volt, sdv) ; 
ohm: = VO It /cur; 
sdv:=sdv/cur; 
end; 

procedure kelvin(var temp,sdt :real) ; 
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vax 

1 : integer ; 
begin 

for i:=l to n do 
begin 

t[i3 :=temperature(temc) ; 
end; 

statistics (t, n, temp, sdt) ; 


end; 

{ * 4c % 3|C * ate 4c * 4c ♦ * * att ^ :4c 4c 4 

{MAIN PROGRAMME} 


label 

filename, ex It ; 

var 

cibnf , vobnf : lobnf ; 

ohml,ohm2,templ,temp2, temps, rest ,res2,temp,diff ,sdt ,sdtl , 
sdt2 , sdvl , sdv2 , sdv : real ; 

ohmS , ohm4 , sdvS , sdv4 , vmeanS , vmean4 , sdvv : real ; 
stt, St: string; 
y,i, j ,k,z, code: integer; 
t2 , v2 , v3 , v4 : read ; 
phile , outf : text ; 

settle , good , steady , error : boolean ; 
up : real; 
begin 
clrscr ; 

{$i-> 

writelnC WRITE YOUR OUTPUT FILE NAME ’); 
filename : 
readln(fname) ; 
f name : =f name+ ' . PRN ' ; 
as sign (phile, f name) ; 
reset (phile) ; 

if ioresultOO then rewrite (phile) 

else 

begin 

writeln (#7 , #7 , #7 , ' File already exists ’ ) ; 
goto filename; 

y:=ioresult; {$i+} end; 

close (phile) ; 

writeln (#7, #7, 'WRITE THE SAMPLE NAME 1'); 
repeat 

readln(sampll) ; 
until sampllO ' ' ; 

sampll:*' SAMPLE NAME (A) IN CHANNL 2:= '+sampll; 

append (phile) ; 
writ eln (phile jSampll) ; 
close (phile) ; 

writeln (#7, #7, 'WRITE THE SAMPLE NAME 2'); 
repeat 

readln(sampl2) ; 
until sampl2<> ' ' ; 

sampl2: = 'SAMPLE NAME (B) IN CHANNL 6:= '+sampl2; 

append (phile) ; 
writ eln (phile, sampl2) ; 
writeln ('DATE := '); 

readln(date) ; 

writeln (phile , 'DATE : ' ,date) ; 

writeln ('USER NAME (INTL.) : '); 

readln(usr) ; 

writeln ('STARTING TIME := '); 
readln(time) ; 

writ eln (phile, 'STARTING TIME := ' ,time); 

writeln (phile , ' ' , ' TEMP . ' , ' ' , ' RESTNC--IN“CHANL-'2 ' , ' 

' SDV2 ' , ' ' , ' RESTNC-IN-CHANL-6 ' , ' ' , ' SD?6 ' ) ; 

close (phile) ; 

k:=0; 

settings (init ,f init , tol , incr , cur ,n) ; 

initialise; 

delay (1000) ; 

while init<= finit do 

begin 

error:=f alse;bkground:=false ; 
settem(init) ; 

if (incr <= 0.5) then delay (25000) 
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delay (30000) ; 
for 3 :=1 to 1 do 
begin 
exit: 

check; 
temp : =0 ; 
resl:=0; 
res2:=0; 
for cur (cur) ; 
delay (5000) ; 
kelvin (tempi , sdt ) ; 
temp : =temp+templ ; 
if sdt>tol then goto exit; 
command 1 ; 
delay (5000) ; 
resistance (ohml , sdvl) ; 
command2 ; 
delay (5000); 
resistance (ohm2 , sdv2) ; 
kelvin(temp2, sdtl) ; 

good:= (abs(sdtl)<=tol) and (abs (temp2”temp) <=tol) ; 

if good then 

begin 

temp:= temp+temp2; 
temp:=temp/2; 
resl :=resl+ohml; 
res2:=res2 +ohm2; 
end 
else 

goto exit; 
revcur (cur) ; 
delay (5000); 
command 1 ; 
delay (5000) ; 
resistance (ohm3,sdv3) ; 
command2 ; 
delay (5000); 
resistance (ohm4,sdv4) ; 
kelvin (temp3 , sdt2) ; 
dif f : =abs (temp3~temp) ; 

steady:* (abs (sdt2) <=tol) and (diff<='tol ); 

if steady then 

begin 

temp : =temp+temp3 ; 
temp : =temp/2 ; 
res 1 : *res l+ohm3 ; 
res2 : =res2+ohm4 ; 
sdv : = ( sdvl+sdv3) /2 ; 
sdvv : = (sdv2+sdv4) /2 ; 

resl :=resl/2; 

res2:=res2/2; 

k:=k+l; 

append (phile) , 

writeln(k: 5, * * ,'tenip:4:3, * *,resl:3:8,' \sdv:3 

,res2:3:8,^ ’,sdvv:3:9); 

writeln(phile,temp:4:3, ’ \ohml:3:8,* %sdv:3:9,^ 

, sdvv: 3: 9) ; 

close (phile) 
end 

else 

goto exit; 

end; 

init . *init+incr ; 

end; 

ibcir(prema) ;ibclr(temc) ;ibclr(cs) ; 

ibloc(temc) ; ibloc(prema) ;ibloc(cs) ; 
clrscr; 
end. 


:9,> 

^ohm2:3:8,’ 
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appendix B(1) 


Software developed to evaluate the BLOCH- WILSON [Eq. (3.)] integral, em- 
ploying DOIAHF (1-D quadrature, adaptive, finite interval and strategy due to 
Patterson) NAG Routine which is suitable for any well-behaved function. 


PROGRAM INTEGRATION USING DOIAHF (NAG ROUTINE) 
implicit realms (a-h, o-z) 
dimension c(500), d(500), t(500), tr(500) 
common t 

external d01alif,fnn 

open Ciinit=23, file = »r21m.pm' ,status= ’unknown’) 

open (unit=25, file = >/bl/tapan/3int/r21.int3’ ,status=’unknoini’) 

a=O.OdO 

m=0 

mn=l 

nlimit=0 

epsr=i.0d-6 

ifail=l 

write (*,♦) ’give lower and upper limits of temperature 
read (♦,♦) anmin, anmax 
do i = 1,500 

read (23,^ ,end=56) c(i),d(i) 

if (( c(i) .ge. anmin) . and. (c(i) .le. anmax)) then 

trCmn)=c(i) 

t(mn) = 400.0/c(i) 

mn = mn+1 

m = m+1 

endif 

enddo 

56 endfile 23 
if (if ail .ne. 0) then 
write (25,80) ’if ail = ’ , if ail 
80 format (lx, i4) 
endif 

if (ifail . le . 2) then 

do 1 = l,m 

ti*t(i) 

ans * d01ahf( a, ti, epsr, n, relerr, fun, nlimit, if ail) 
write (25,100) c(i), ans*((tr(i)/400.0)**3) , l/d(i) 

100 format ( 5x, f8.3, 5x, f21.18, 5x, fl8.8) 
enddo 
endif 
stop 
end 

FUNCTION TO BE INTEGRATED 

double precision function fun(x) 
double precision x 

FUNCTION TO BE INTEGRATED (GIVEN BELOW) 
fun = (x**3)/((exp(x)~l.)*(l.”exp(-x))) 
return 
end 

SUBROUTINE USED DOIAHF (NAG-LIBRARY) FOR INTEGRATION 

DOUBLE PRECISION FUNCTION D01AHF(A,B,EPR,NPTS, RELERR. F,NL, IFAIL) 
MARK 8 RELEASE. NAG COPYRIGHT 1979. 

MARK 8A REVISED. IER-254 (AUG 1980). 

MARK 11.5CF77) REVISED. (SEPT 1985.) 

MARK 12B REVISED. IER-525 (FEB 1987) 

MARK 13 REVISED. USE OF MARK 12 X02 FUNCTIONS (APR 1988) . 

MARK 14 REVISED. IER-819 (DEC 1989). 

THIS FUNCTION ROUTINE PERFORMS AUTOMATIC INTEGRATION OVER A 
FINITE INTERVAL USING THE BASIC INTEGRATION ALGORITHMS DOIAHY 
AND DOIAHX. TOGETHER WITH, IF NECESSARY, AN ADAPTIVE 
SUBDIVISION PROCESS. 

INPUT ARGUMENTS 


A.B - LOWER AND UPPER INTEGRATION LIMITS. 

EPR - REQUIRED RELATIVE ACCURACY. 

NL - APPROXIMATE LIMIT ON NUMBER OF INTEGRAND 

EVALUATIONS. IF SET NEGATIVE OR ZERO THE 
DEFAULT IS 10000. 

F - THE USER NAMED AND PREPARED FUNCTION F(X) 

GIVES THE VALUE OF THE INTEGRAND AT X. 
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IFAIL INTEGER VARIABLE 

- 0 FOR HARD FAIL REPORT 

- 1 FOR SOFT FAIL REPORT 

OUTPUT ARGENTS 

NPTS - NUMBER OF INTEGRAND EVALUATIONS USED IN OBTAINING 

THE RESULT. 

RELERR - ROUGH ESTIMATE OF RELATIVE ACCURACY ACHIEVED. 
IFAIL - VALUE INDICATES THE OUTCOME OF THE INTEGRATION - 

IFAIL = 0 CONVERGED 

IFAIL = 1 INTEGRAND EVALUATIONS EXCEEDED NL. 

THE RESULT WAS OBTAINED BY CONTINUING 
BUT IGNORING ANY NEED TO SUBDIVIDE. 
RESULT LIKELY TO BE INACCURATE. 

IFAIL = 2 DURING THE SUBDIVISION PROCESS 
THE STACK BECAME FULL 
(PRESENTLY SET TO HOLD 20 
LEVELS OF INFORMATION. MAY BE 
INCREASED BY ALTERING ISMAX 
AND THE DIMENSIONS OF STACK 
AND ISTACK). RESULT IS 
OBTAINED BY CONTINUING BUT 
IGNORING CONVERGENCE FAILURES 
ON INTERVALS WHICH CANNOT BE 
ACCOMMODATED ON THE STACKS. 

RESULT LIKELY TO BE 
INACCURATE. 

IFAIL = 3 INVALID ACCURACY REQUEST. 

THE SUBDIVISION STRATEGY IS AS FOLLOWS 

AT EACH STAGE AN INTERVAL IS PRESENTED FOR SUBDIVISION 
(INITIALLY THE WHOLE INTERVAL) . THE POINT OF SUBDIVISION IS 
DETERMINED BY THE RELATIVE GRADIENT OF THE INTEGRAND 
AT THE END POINTS (SEE DOIAHZ) AND MAY BE IN THE 
RATIO 1/2, 1/1 OR 2/l.DOlAHY IS THEN APPLIED TO EACH 
SUBINTERVAL. SHOULD IT FAIL TO CONVERGE ON Tffi LEFT 
SUBINTERVAL THE SUBINTERVAL IS STACKED , FOR FUTTOffi 
EXAMINATION AND THE RIGHT SUBINTERVAL imgDI/OTLY 
EXAMINED. SHOULD IT FAIL ON THE RIGHT Sl^TffiV^ 
SUBDIVISION IS IMMEDIATELY PERFORMED,^ ^THE WHOLE 
PROCESS REPEATED. EACH CONVERGED RESBO IS 
ACCUMULATED AS THE PARTIAL VALUE OF THE INTEGWU.. 

WHEN THE LEFT AND RIGHT SUBINTERV^S BOTH CONVERGE 
THE INTERVAL LAST STACKED IS SUBDIVIDED AND THE 
PROCESS REPEATED 

A NUMBER OF REFINEMENTS ARE INCLUDED. ATTgffTS ARE MADE TO 
DETECT LARGE VARIATIONS IN THE INTEGRAL AND 
TRANSFORMATIONS ARE MADE IF ENDPOINT vmATION IS 
EXTREME. THIS DEPENDS ON THE RATE OF CONVERGENCE^OF 
DOIAHX AND ON THE END POINT RELATITC GRADIENTS OF THE 
INTEGRAND FOR THE NON-SUBDIVIDED I^ERVAL. R^OM 
TRANSFORMATIONS ARE ALSO^APPLIED TO IMPROVE THE 
RELIABILITY. THE REUTIVE ACCURACY REQUESTED ON 
EACH SUBINTERVAL IS ADJUSTED IN ACCORDANCE WITH ITS 
LIKELY CONTRIBUTION TO THE TOTAL INTEGRAL. 


. . Parameters . . 
CHARACTER'S 
PARAMETER 

C . . Scalar Arguments . . 

DOUBLE PRECISION 
INTEGER 

C . . Function Arguments 

DOUBLE PRECISION 
EXTERNAL 

C . . Scalars in Common . 
DOUBLE PRECISION 

* INTEGER 

C . . Local Scalars . . 

DOUBLE PRECISION 
DOUBLE PRECISION 


INTEGER 

4c 

C . . Local Arrays . . 

DOUBLE PRECISION 

INTEGER 

CHARACTER*! 

C . . External Functions . . 

DOUBLE PRECISION 
INTEGER 
EXTERNAL 

4c 

C . . External Subroutines 

EXTERNAL 

C . . Intrinsic Functions . 

INTRINSIC 

C . . Common blocks . . 

COMMON 


SRNAHE 

(SRNAME='D01AHF’) 

A, B. EPR, RELERR 
IFAIL, NL, NPTS 


AFLOW, ALP, AV, CRATE, EPMACH, 
UFLOW 

IR, MRULE, NT 
QSUBND 

AMAXL, AMAXR, C2, COMP, EPS. 
EPSIL, EPSR, FACTOR, SUBl, SDB2. 
SUB3. TEST, V 

IC. ICQ, IL, IS. ISI, ISMAX, IT, 
K, KK, NF, NLIM, NLIMIT, NTMAX 

RESULT(8), STACK(120) 

ISTACK (20) 

POlBEC(l) 

DOIAHU, DOIAHZ, X02AJF. X02AMF 

DOIAHU. DOIAHZ. X02AJF. X02AMF. 
POIABF 

DOIAHY 

ABS, LOG. MAX, MIN, SIGN 
/ADO 1 AH/CRATE. MRULE 
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c 

C 


COMMON 

COMMON 


/CDOIAH/ALP, AV, NT, IR 
/DDOIAH/EPMACH, UFLOW, AFLOW 


. . Data statements 
DATA 


♦ 


ISMAX, NLIM, NTMAX, TEST/116, 
10000, 10, 0.25D0/ 


. . Executable Statements . . 

IL = 3 
ICQ = IFAIL 

IF (EPR.LE.O.ODO) GO TO 220 

EPMACH SHOULD BE SLIGHTLY LARGER THAN THE RELATIVE 
MACHINE ACCURACY. 

EPMACH = 1.1D0*X02AJF() tr 

UFLOW IS THE SMALLEST POSITIVE gE^^NUMBER REPIffiSENTpLE 
ON THE MACHINE WHICH CAN BE INVERTED WITHOUT OVERFLOW. 

UFLOW = X02AMF() 

AFLOW = L0G(X02AMF()) 

CRATE = O.ODO 
EPSR = EPR/IO.ODO 
NLIMIT = NL 

IF (NLIMIT. LE.O) NLIMIT = NLIM 
EPSIL = MIN (EPSR. l.OD-3) 

CALL DO 1 AHY ( A , B , RESULT , K , EPSIL , NPTS , IFAIL , F , AMAXL , AMAXR , A , 0) 
DOIAHF = RESULT (K) 

RELERR = ABS (RESULT (K) -RESULT (K-D) 

IF (ABS (DOIAHF) .GT. 100. ODO*UFLOW) RELERR = RELERR/DOIAHF 
RELERR = MAX(RELERR,O.SDO*EPMACH) 


CHECK IF SUBDIVISION IS NEEDED 
IF (IFAIL. EQ.O) RETURN 


SUBDIVIDE 

EPSIL = EPSIL*0.5D0 
FACTOR = l.ODO 
NT = 1 

RELERR = O.ODO 
QSUBND = O.ODO 
DOIAHF = O.ODO 
IS = 1 
ISI = 1 
IC = 1 
SUBl = A 
SUB3 — B 

20 IF (ABS(SDB1-SUB3) .LT.20.0D0*EPSIL*(ABS(SUB1)+ABS(SDB3))) THEN 
K ** 1 

RESULT(K) = F((SUB1+SUB3)/2.0D0)’<‘(SDB3-SUB1) 

COMP = O.ODO 
NPTS = NPTS + 1 
GO TO 160 
END IF 

SDB2 = D01AHZ(SDB1. SOBS. AMAXL, AMAXR) 

EPS = MIN(0.5D-3,FACT0R*EPSIL) 


PROCESS SUBINTERVAL (SUB1,SDB2) 

IT = 0 

IF (AMAXL. GT. TEST .AND. CRATE. LE. 21 .ODO) IT = 1 
V = AMAXR 
C2 = CRATE 

CALL DO 1 AHY ( SUB 1 . SUB2 , RESULT ,K,EPS.NF, IFAIL, F, AMAXL , AMAXR , SUB 1 , IT ) 
KTPTS = NPTS + NF 
IF (NPTS. LE. NLIMIT) GO TO 40 
IC = SIGN(2.IC) 

40 COMP = ABS(RESULT(K)-RESULT(K-1)) 

IF (IFAIL. EQ.O) GO TO 100 
IF (ABS(IC).EQ.2) GO TO 100 
IF (IS. GE. ISMAX) GO TO 80 


STACK SUBINTERVAL (SDB1,SDB2) FOR FUTURE EXAMINATION 
IF (RESULT (K) .EQ.O. ODO) RESULT (K) = DOIAHF 
STACK(IS) = MAX(1.0D0.ABS(D01AHF/RESDLT(K))*0.1D0) 

IS = IS + 1 
STACK (IS) = SUBl 
IS = IS + 1 
STACK (IS) = SUB2 
IS = IS + 1 
STACK (IS) = AMAXL 
IS = IS + 1 
STACK (IS) = AMAXR 
IS = IS + 1 
STACK (IS) = CRATE 
IS = IS + 1 
KK = NT 

IF (IT. EQ.O) GO TO 60 
IF (IFAIL. EQ. 4) GO TO 60 
IF (NT. GE. NTMAX) GO TO 60 
KK = NT + 1 
60 ISTACK(ISI) = KK 
ISI = ISI + 1 
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c 

c 


c 

c 


c 

c 


c 

c 


GO TO 120 
80 IC = -ABS(IC) 

100 QSUBND = QSUBND + RESULT (K) 

DOIAHF *= QSUBND 
RELERR = RELERR + COMP 

PROCESS SUBINTERVAL (SUB2,SUB3) 

120 IT = 0 

IF (V.GT.TEST .AND. C2 .LE.21 .ODO) IT = 1 

CALL DO 1 AHY (SUB2 . SUBS , RESULT , K , EPS , NF , IFAIL , F , AMAXL , AMAXR , SUBS , IT) 
NPTS = NPTS + NF 
IF (NPTS.LE.NLIMIT) GO TO 140 
IC = SIGN(2,IC) 

140 COMP = ABS (RESULT CK) -RESULT (K-D) 

IF (IFAIL. EQ.O) GO TO 160 
IF (ABS(IC) .EQ.2) GO TO 160 


SUBDIVIDE INTERVAL (SUB2,SUB3) 

IF (IT.EQ.l .AND. IFAIL. NE. 4) NT = NT + 1 
SUBl = SUB2 

IF (RESULT (K). EQ.O. ODO) RESULT (K) * DOIAHF 
FACTOR * MAX(1.0D0,ABS(D01AHF/RESULT(K))*0.1D0) 
GO TO 20 

160 QSUBND = QSUBND + RESULT (K) 

DOIAHF « QSUBND 
RELERR = RELERR + COMP 
IF (IS.EQ.l) GO TO 180 


SUBDIVIDE THE DELINQUENT INTERVAL LAST STACKED 
ISI * ISI - 1 
NT = ISTACK(ISI) 

IS = IS - 1 
CRATE = STACK (IS) 

IS = IS - 1 
AMAXR = STACK (IS) 

IS = IS - 1 
AMAXL = STACK (IS) 

IS = IS - 1 
SUBS = STACK (IS) 

IS = IS - 1 
SUBl = STACK (IS) 

IS = IS - 1 
FACTOR = STACK (IS) 

GO TO 20 


SUBDIVISION RESULT 

180 IF (ABS(D01AHF).GT.lO0.0D0#UFL0W) 

♦ RELERR » ABS (RELERR/DOIAHU (DOIAHF)) 
RELERR * MAX(RELERR,0.5D0^EPMACH) 

IF (IC.NE.l) GO TO 200 
IFAIL = 0 
RETURN 
200 IL = 2 

IF (IC.LT.O) GO TO 220 
IL = 1 

220 IFAIL = P01ABF(ICQ,IL,SRNAME,0,P01REC) 
RETURN 
END 
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APPENDIX B(2) 


Software developed for non-linear least-squzires fitting using the results of BLOCH- 
WILSON integral [APPENDIX B(l)], employing E04FDF (unconstrained mini- 
mum of a sum of squares, combined Gauss-Newton and modified Newton algo- 
rithm using function values only) NAG Routine. 


c NON-LINEAR LEAST-SQUARES FIT PROGRAMME USING NAG (E04FDF) ROUTINE 

C *♦**♦♦*♦♦♦♦**♦♦♦*♦*♦♦***♦♦♦*♦>♦'*♦*♦*♦* 

c double precision 

implicit real*8 ( a-h, o-z ) 
realms x(10), b(500) ,s (500) ,r (500) 
real*8 y(500), w(lOOOOOO). a(500,2). t(500,2) 
real*8 fsumsq, ymean, f, rm 
integer iw(l) , mn, nmin, nmax 
common t, y, s, mean 
c n = 300 

f = 0.0 
m = 0 
mn = 1 
scl = 1. 
sft = 0. 

c nmin = 200 

c nmax = 300 

open ( unit = 23, file = 'r30-intv5O 

open ( unit = 25, file = ’funy.otO 

write (6,60) 

read ( 5,^ ) nmin, nmax 

do 20 1 = 1, 500 

read ( 23,*, end =21) (a(i,j),j=l, 2),b(i) 

if (a(i,l) .LT. nmin) go to 20 

if(a(i, 1) .gt. nmax ) go to 25 

t ( mn, 1) = a ( i, 1 ) 

t ( mn, 2) = a ( i, 2 ) 

y(mn)=b(i) 

y(mn) = (y(imi)* scl ) - sft 

mn = mn + 1 

m = m + 1 

write (6,76) (a (i,j), j=l,2), b(i) 

20 continue 

21 endfile 23 

25 continue 

write (6, 80 ) 
read (5, * ) n 
write (6, 70 ) 

read (5, *) (x(i),i=l,n) 
c X ( 1 ) = 0.0 

c X ( 2 ) = 0.0 

c X ( 3 ) = 0.0 

ymean = 0.0 
do 1 i = 1, m 
ymean = ymean + y ( i ) 

ymean = ymean / rm 
ymean = ymean * ymean 
liw = 1 
Iw = 1000000 
if ail = 1 

call e04fdf ( m, n, x, fsumsq, iw, liw, w, Iw, ifail ) 
if ( if ail . ne . 0 ) write (25, 8 ) ifail 
f = fsumsq / ( ymean * rm ) 
c write ( 25, 7 ) fsumsq 
write ( 25, 7 ) f 
do 10 j = 1, n 

x(j)=(x(j)+ sft ) / scl 
continue 

write ( 25, 6) ( x ( j ), j = 1, n ) 
write ( 25, 100 ) m 
write (25, 9 ) 
do 15 1 = 1, m 

s(i)=(s(i)+ sft ) / scl 
y(i)=(y(i)+ sft ) / scl 
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15 


8 

6 

7 

9 

60 

70 

76 

80 

90 

100 

c 

c 

c 


20 


C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 


c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


c 


c 


c 


c 

c 


r(i)=y(i)~s(i) 

write ( 25, 90 ) t ( i, 1 ). t ( 1. 2 ). y ( 1 ), s ( i ), r ( 1 ) 

continue 
rewind 23 
stop 

format (///' error exit type * , i2 , » see routine document » ) 

format ( lx , » at the point * , 20 ( / 4el5.5 ) ) 

format (///lx, ' on the exit sum of squares is ~ \ d29.15 ) 
format ( ///lx, *f itted values for compaxision, 

format (lx, ^ give the lower and i^per limits of temperature' ) 
format (lx, ' give the approximate^ values of parameters ' ) 
format ( 3(5x, f20.10 )) 

format (lx, ' give the # of parameters ' ) 

format ( lx, f7.3, 2x, fll.9, 2x, fl8.8, 2x, fl8.8, 2x, fl5.8 ) 

format ( / lOx, ' # of data points : 5x, i4 ) 

end 

subroutine Isfunl ( m, n,xc, fvecc ) 
double precision ( a-z ) 
implicit real ’♦'8 ( a-h, o-z ) 

real*8 fvecc ( 1000000) , y(500). s(SOO), ic(4) , d(500) , t(500.2) 
common t, y, s 
do 20 i = 1, m 

d(i) = xc(l)+xc(2)»t(i,2)+xc(3)*(t(i,l)**2) 

fvecc(i) = d(i) “ y(i) 

s(i) = fvecc(i) + y(i) 

continue 

return 

end 

4c 4e Jte 4c ifc * ♦ Ifc 4c * 4e 3^ 4c 4c 4e % 4c 4c 4c 4c 4c ♦ 3^ 4c * # 3|t HE# 4c « Kc 4c * * ale 4c 4c * 4c * ^ 4t * 4c ♦ 

SUBROUTINE E04FDF (M , N . X , FSUMSQ , IW , LIW , V , LW , IFAIL) 

MARK 13 RE-ISSUE. NAG COPYRIGHT 1988. 


4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 3^ 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c % 4c 4c * 4c 4c 4c 4c 4c 4c * 4c 4c 4c 4c 4c 4c 4c 4c ♦ 4c 4c * 4c :4 4c # 4 

E04FDF IS AN EASY-TO-USE ALGORITHM FOR FINDING 
AN UNCONSTRAINED MINIMUM OF A SUM OF SQUARES OF M NONLINEAR 
FUNCTIONS IN N VARIABLES (M .GE. N) . NO DERIVATIVES ARE 
REQUIRED. 


THE ROUTINE IS ESSENTIALLY IDENTICAL TO THE SUBROUTINE LSNDNl 
IN THE NPL ALGORITHMS LIBRARY (REF. NO. E4/26/F) AND CALLS 
E04FCZ WITH SUITABLE DEFAULT SETTINGS FOR PARAMETERS. IT CALLS 
THE USER-SUPPLIED ROUTINE LSFUNl. 

N.B. LSFUNl IS A DESIGNATED NAME. 


GIVEN AN INITIAL APPROXIMATION TO THE MINIMUM, E04FDF COMPUTES 
THE POSITION OF THE MINIMUM AND THE CORRESPONDING FUNCTION 
VALUE. THE REAL ARRAY W AND THE INTEGER ARRAY IW ARE USED 
AS WORKSPACE. W MUST BE DIMENSIONED AT LEAST 
7^N + N*N + 2*M*N + 3*M + N^(N - l)/2 OR 9 + 5*M IF N = 1 
AND IW MUST HAVE AT LEAST ONE ELEMENT. 

PHILIP E. GILL, WALTER MURRAY, SUSAN M. PICKEN, 

NICHOLAS I. M. GOULD AND ENID M. R. LONG 
D.N.A.C., NATIONAL PHYSICAL LABORATORY, ENGLAND 


4c 4c 4 4c 4c 4c 4 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4 4c 4c 4c 4c 4c 4c 4c 4c 4c 4 4c 4c 4c 4 4c 4c 4c 4c 4c 3» 4c 4 4: 4c 4 4 4c 4c 4 4c 4 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 


Modified to call BLAS. 

Peter Mayes, NAG Central Office, October 1987. 

Modified to output explanatory messages. 

Peter Mayes, NAG Central Office, December 1987. 


. . Parameters . . 

CHARACTER+6 SRNAME 

PARAMETER (SRNAME= ' E04FDF ' ) 

. . Scalar Arguments . . 

DOUBLE PRECISION FSUMSQ 

INTEGER IFAIL, LIW, LW, M, N 

. . Array Argiunents . . 

DOUBLE PRECISION W(LW) , X(N) 

INTEGER IW(LIW) 

, . Local Scalars . . 

DOUBLE PRECISION EPSMCH, ETA, GTG, PEPS, RTEPS, STEPMX, 
INTEGER IPRINT, LFJAC, LFVEC, LG, LS, LV, LWl, 

4C MAXFUN, NFTOTL, NH, NITER, NREC, NWHY 


. . Local Arrays . . 

CHARACTER^SO POIREC (2) 

. . External Functions . . 

DOUBLE PRECISION DDDT, X02AJF 


U. XTOL 
LW2, 
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Appendix B(2) 


INTEGER POIABF 

EXTERNAL DDOT, X02AJF, POIABF 

. . External Subroutines . , 

EXTERNAL E04FCW, E04FCZ, E04FDY, E04FDZ 

. . Intrinsic Functions . . 

INTRINSIC ABS, SQRT 

. . Executable Statements . . 

EPSMCH = X02AJF() 

RTEPS = SQRT (EPSMCH) 

PEPS = EPSMCH^ *0.666660+0 

CHECK THAT THE WORKSPACE HAS BEEN ALLOCATED CORRECTLY. 

NWHY = 1 
NH = 1 

IF (N.GE.2) NH = N*(N-l)/2 

IF (LW.LT.7*N+3*M+2*M*N+N*N+NH .OR. LIW.LT.l .OR. M.LT.N) 
♦ GO TO 20 
NWHY = 0 


SET UP THE INPUT PARAMETERS FOR E04FCZ. 

SUPPRESS THE PRINT FREQUENCY. 

IPRINT = 0 

SET THE MAXIMUM NUMBER OF FUNCTION EVALUATIONS ALLOWED 
AS 400*N. 

MAXFUN = 400+N 

SET THE LINEAR SEARCH PARAMETER. 

ETA = 5,0D-1 
IF (N.EQ.l) ETA = O.OD+0 


SPECIFY THE OVERALL CONVERGENCE CRITERION. 

XTOL = 1.0D+1*RTEPS 

SPECIFY THE BOUND ON THE STEP LENGTH. 

STEPMX = l.OD+1 

COMPUTE THE ADDRESSES FOR THE ARRAYS USED IN E04FCZ. 


LS = 6*N + 2*M + M*N + NH + 
LV = LS + N 
LFVEC = LV + N*N 


LFJAC = LFVEC + M 


1 


CALL SUBROUTINE E04FCZ TO MINIMIZE THE FUNCTION. 


C 

C 

C 

C 

C 

C 

C 

C 

C 

C 


CALL E04FCZ (M , N , E04FCW , E04FDY , E04FDZ , IPRINT , MAXFUN . ETA , XTOL , 

* STEPMX, X,FSUMSQ,W(LFVEC) ,W(LFJAC) ,M,V(LS) ,W(LV) ,N, 

* NITER , NFTOTL , NWHY , IW , LIW , W, LW) 

IF (NWHY.LE.2) GO TO 20 

U = l.OD+0 + ABS(FSUMSQ) 

U = PEPS+U+U 

LG = 5*N + M + M*N + NH + 1 
GTG = DD0T(N,W(LG),1,W(LG),1) 


ATTEMPT TO DETERMINE, IF FAILURE WAS DUE TO TOO SMALL A SETTING 
FOR XTOL. THE FOLLOWING RULE IS USED - 


NWHY = 3 - THE MINIMIZATION HAS FAILED. 

NWHY = 5 - THE MINIMIZATION HAS PROBABLY WORKED. 

NWHY = 6 - THE MINIMIZATION HAS POSSIBLY WORKED. 

NWHY = 7 - THE MINIMIZATION IS UNLIKELY TO HAVE WORKED. 

NWHY = 8 - THE MINIMIZATION IS VERY UNLIKELY TO HA^ WORKED. 


IF (GTG.LE.1.0D+3*U) NWHY = 8 

IF (GTG.LE.1.0D+2+U) NWHY = 7 

IF (GTG.LE,1.0D+1*U) NWHY = 6 

IF (GTG.LE.U) NWHY = 5 

20 IF (NWHY.EQ.l) THEN 

LWl = 7*N + N*N + 2*M*N + 2*M + N*(N-l)/2 

LW2 = 9 + 5*M 

IF (N.LT.l) THEN 

WRITE (P01REC,FMT=99999) N 
NREC = 1 

ELSE IF (M.LT.N) THEN 

WRITE (P01REC,FMT=99998) M, N 
NREC = 1 

ELSE IF (LIW.LT.l) THEN 

WRITE (P01REC,FMT=99997) LIW 
NREC =: 1 

ELSE IF (LW.LT.LWl .AND. N.GT.l) THEN 
WRITE (P01REC,FMT=99996) LW, LWl 
NREC = 2 

ELSE IF (LW.LT.LW2 .AND. N.EQ.l) THEN 
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WRITE (P01REC,FMT=99995) LW, LW2 
NREC = 2 
END IF 

ELSE IF (NWHy.EQ,2) THEN 

POlREC(l) = ’ ♦♦ There have been 400+N calls to LSFUNl' 

NREC = 1 

ELSE IF (NWHY.EQ.3) THEN 
POlREC(l) = 

* ^ ** The conditions for a minimum have not all been satisfied, 
P01REC(2) = * ** but a lower point could not be found^ 

NREC = 2 

ELSE IF (NWHY.EQ.4) THEN 
POlREC(l) = 

* * Failure in computing SVD of estimated Jaobian matrix 
NREC = 1 

ELSE IF (NWHY.EQ.5) THEN 
POlREC(l) = 

* ' It is probable that a local minimum has been found, 

P01REC(2) = ' ♦♦ but it cannot be guaranteed' 

NREC = 2 

ELSE IF (NWHY.EQ.6) THEN 
POlREC(l) = 

* ^ It is possible that a local minimum has been found, 

P01REC(2) = ' ♦♦ but It cannot be guaranteed' 

NREC = 2 

ELSE IF (NWHY.EQ.7) THEN 
POlREC(l) = 

* ' ** It is unlikely that a local minimum has been found' 
NREC = 1 


ELSE IF (NWHY.EQ.8) THEN 
POlREC(l) = 

* ' It IS very unlikely that a local minimum has been found' 


NREC = 1 
END IF 

IFAIL = P01ABF(IFAIL,NWHY,SRNAME,NREC,P01REC) 
RETURN 


C 

C END OF E04FDF (LSNDNl) 

C 

99999 FORMAT (' ♦♦ On entry, N must be at least 1: N =',I16) 

99998 FORMAT (' ♦♦ On entry, M must be at least N: M =',116,', N =',I16) 

99997 FORMAT (' ♦♦ On entry, LIW must be at least 1: LIW =',I16) 

99996 FORMAT (' ♦* On entry, LW must be at least 7*N + N’t'N + 2*M*N + 2', 

♦ '♦M + N*(N~l)/2 if N.gt.l:',/' LW =',116,', LW must be', 

♦ ' at least ',116) 

99995 FORMAT (' ♦♦ On entry, LW must be at least 9 + 5*M if N.eq.l:', 

♦ /' LW =',116,', LW must be at least', 116) 


END 
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APPENDIX (3) 


Software (in Turbo Pascal) developed to find the temperature coefficient of resis- 
tivity (TCR) at any temperature and for any composition (x) used in Chapter 3, 
employing an interpolation technique. 


PROGRAM INTERPOLATION_OF_DATA: 

uses crtjdos; 

type 

venus = array [1 . . 358, 1 . .2] of real; 

mars = array [1 . .500, 1 . .2] of real; 
var 

n,m : integer; 

vs : venus ; 
mas : mars ; 

f il_dat ,out_fil : text; 
name, inf lie : string [20] ; 

function res(tm : real; vs : venus) : real; 
var 

tl,tu,tp : integer; 
tpl : real ; 
found : boolean; 

begin 

if vs [1,1] = tm then res := vs [1,2] else 
if vs [243,1] = tm then res := vs [243, 2] 
else 
begin 

tl := 1; tu := 243; 
found := false; 

while (not (found) and (tu > tl + 1)) do 
begin 

tp := trunc((tl + tu)/2); 
tpl := vs[tp,l] ; 
if tpl = tm then 
begin 

res := vs[tp,2]; 
found := true 
end 
else 

if tpl < tm then tl := tp 
else tu := tp 

end; 

if not (found) then 

res := vs[tl,2] + (vs [tu,2]-vs [tl,2])*(tm~vs[tl, 1] ) 

/ (vs [tu , 1] -vs [t 1 , 1] ) 

end 

end; 

procedure table (var vs : venus); 
var 

t : integer; 
tx : text; 
begin 

assign (tx, ’c:\20.datO; 
j*Qg0'^ (tx) * 

for t := 1 to 243 do read(tx, vs[t,l], vs[t,2]); 
close (tx) ; 
end; 

■[main programme} 

{$! MSC.INC} 
begin 
clrscr ; 
gotoxy(5,10), 

write (’enter name of the drvtv of data file to be read : *); 
re adln (infile) ; 
assign (fil.dat, inf lie) ; 
gotoxy(5,16) ; 

write (’enter name of interpltd output file :’); 
re adln (name) ; 
assign(out.fil, name); 
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reset (f il^dat) ; 
n : = 0 ; 

while not (eof (f il„dat) ) do 
begin 

n : n + 1 ; 
for m := 1 to 2 do 
read (fil.dat, mas[n,in]); 
end; 

close (fil^dat) ; 

table (vs) ; 
clrscr ; 

rewrite (out_fil) ; 

writeln (out.fil , 'Interpolated resistivity data of inf ile) ; 

writeln(out_f il) ; 
writeln (out _fil) ; 

writeln(out_f il, 'Temp. (K) ' , ' ','lst Dervtv',' ','Intrpltd Restvty'); 

writeln (out _fil) ; 
for m := 1 to (n-1) do 
begin 

writeln (out _fil, mas [m, 1] :8:3, ' mas[m,2] :4:15, ' 

res (mas Lm, 1] fVs) :5: 15) ; 

writeln (m,' mas [m, 1] :8:3, ' ', mas[m,2] :4:15, ’ ', 

res(mas[m,l] ,vs) :5:15) ; 

end; 

close (out _fil) ; 

Anthem; 

clrscr; 

gotoxy (15, 10) ; 
textcolor (15) ; 

writeln ('INTERPOLATION DONE SUCCESSFULLY !'); 

readln; 

end. 



